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1.0  INTRODUCTION 

Performance  improvement  for  the  propulsion  systems  of  future  strategic  missile  systems  demand 
investigation  and  utilization  of  new  nozzle  materials,  which  provide  for  performance  beyond  the  capability  of 
materials  currently  used  in  nozzle  designs.  These  new  materials  must  be  superior  from  a standpoint  of  their  ablation, 
thermal,  and  structural  performance.  At  the  same  time  both  weight  and  cost  arc  very  important  aspects  to  be 
considered. 

This  program  was  undertaken  by  Atlantic  Research  Corporation  for  the  U.S.  Air  Force  under  Contract 
1-0461 1-75-C-0008  as  one  of  several  programs  investigating  PC  coatings  for  solid  propellant  rocket  nozzle  throat 
inserts.  Other  programs,  parallel  to  this  program,  investigated  a particular  approach  to  the  utilization  of  a-b  plane 
oriented  PC  for  nozzle  throat  application. 

This  report  describes  the  efforts  of  the  work  done  at  Atlantic  Research  Corporation  to  conceive, 
develop,  and  demonstrate  designs  for  the  use  of  commercially  available  a-b  plane  PG  inserts  in  solid  propellant 
rocket  nozzles.  As  discussed  later  in  this  report,  considerable  difficulties  were  encountered  in  the  fabrication  of  the 
throat  inserts.  It  became  apparent  that  the  state  of  the  art  of  PG  deposition  was  not  sufficiently  advanced  to 
fabricate  throat  inserts  meeting  the  requirements  as  established  during  the  course  of  the  program.  Continuation  of 
the  program  as  conceived  would  have  required  that  resources  be  devoted  to  advance  the  state  of  the  art  of  PG 
deposition.  This  was  beyond  the  scope  of  the  program  and  not  consistent  with  the  objectives  of  using  commercially 
available  materials  in  the  development  of  nozzles  for  the  high  temperature,  high  performance  solid  motor  booster 
applications  of  advanced  ICBM  propulsion  systems. 

■ 
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PROGRAM  OBJECTIVES 


The  objectives  of  the  program  were:  (1)  to  develop  and  demonstrate  the  use  of  commercially  available 
a-b  plane  pyrolytic  graphite  throat  inserts  in  solid  propellant  rocket  nozzles,  and  (2)  to  identify  an  a-b  plane 
pyrolytic  graphite  throat  insert  approach  for  future  MX  Advanced  Development  Program  demonstration  efforts. 

The  approach  taken  to  meet  the  above  objectives  consisted  of  an  initial  evaluation  of  current  state  of  the 
art  of  a-b  plane  pyrolytic  graphite  throat  insert  technology  based  upon  available  materials.  This  was  followed  with  a 
definition  of  the  thermal  and  mechanical  properties  and  the  failure  criteria  necessary  to  perform  the  level  of  design 
analysis  required  to  select  and  fabricate  candidate  throat  inserts.  To  be  included  also  was  an  identification  of 
deficiencies  in  the  analysis  techniques  and  the  failure  criteria  selection.  With  this  a design  and  analysis  methodology 
was  established  for  the  application  of  a-b  plane  pyrolytic  graphite  throat  inserts  for  large  diameter  propulsion 
systems.  This  was  then  to  be  followed  by  a demonstration,  through  rocket  nozzle  testing,  of  the  thermostructural 
integrity  and  erosion  rates  of  the  throat  insert  designs  in  solid  propellant  environments  typical  of  ICBM  propulsion 
systems. 
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SUMMARY 


As  originally  structured,  the  program  was  organized  within  a framework  consisting  of  five  categories  of 
technical  effort.  Figure  I presents  division  of  effort  by  phases.  Because  of  the  wide  variation  in  types  of  pyrolytic 
graphite  (PC)  material  which  can  be  produced,  the  initial  activities  were  concerned  with  the  identification  ol  the 
specific  type  of  PC  considered  to  offer  the  greatest  potential  for  achieving  the  program  objectives.  Considered  here 
were  the  microstructural  categories  of  PG  such  as  substrate  nucleated  and  continuously  nucleated  material. 
Differences  in  physical,  thermal,  and  mechanical  properties  were  evaluated  in  an  attempt  to  determine  the 
desirability  of  one  type  of  PG  over  the  other  relative  to  design  applicability.  Fabricability  of  the  PG  components 
necessarily  was  a major  point  of  interest  in  this  initial  survey  of  PG  materials. 

A considerable  amount  of  literature  exists  which  deals  with  pyrolytic  graphite.  Farly  activities 
concentrated  on  the  evaluation  of  literature  and  data  regarding  past  and  present  programs  which  have  direct  bearing 
on  the  a-h  plane  pyrolytic  graphite  throat  insert  program  objectives.  Particular  attention  was  given  to  existing 
literature  which  deals  with  specific  differences  in  PG  microstructurc  as  related  to  the  mechanical  propei ties, 
labricability,  and  the  tlnckness-to-radius  ratio  for  closed  shapes.  Additionally,  emphasis  was  placed  upon 
characteristics  such  as  material  structure  changes  or  transformations  resulting  from  exposure  to  the  5000  I and 
above  temperatures  of  the  nozzle  environment. 

The  comparison  of  various  design  concepts  and  the  selection  of  one  or  two  of  the  more  favorable 
approaches  was  addressed  early  in  the  program.  Among  the  items  considered  in  this  comparison  and  selection  were 
the  elimination  of  potential  failure  modes,  highest  potential  margins  of  safety,  scalability,  simplicity,  insensitivity  to 
structural  restraints,  cost,  and  fabricability. 

Based  upon  the  results  of  these  efforts,  the  analysis  and  design  of  a-b  plane  pyrolytic  graphite  throat 
inserts  was  performed.  Included  in  this  were  detailed  analytical  studies  which  addressed  the  assessment  of  failure 
criteria  and  predictions  of  margins  of  safety,  thermal  response,  structural  response,  and  the  prediction  of  erosion  lor 
a-b  plane  PG  throat  inserts. 

Within  the  framework  of  the  insert  analysis  and  design  efforts,  PG  material  representative  ol  that 
selected  lor  throat  inserts  was  characterized  with  respect  to  the  thermal  and  mechanical  properties  to  obtain  design 
analysis  data. 

Concurrent  with  the  design  and  analysis  of  the  throat  inserts,  the  fabrication  of  PG  components  was 
performed.  This  activity  was  accomplished  in  three  basic  steps.  The  first  being  the  deposition  studies  to  establish 
process  conditions  to  produce  PG  having  a microstructure  which  was  considered  to  he  representative  of  the  material 
selected  lor  nozzle  inserts.  The  second  step  was  the  fabrication  of  a cylinder  of  PG  to  be  used  to  obtain  key  thermal 
and  mechanical  properties.  The  third  step  was  the  fabrication  of  actual  throat  inserts  in  the  required  shapes  as 
determined  by  the  insert  analysis  and  design  studies. 


Phase  Ml  and  IV  Phase  V 


Figure  1.  Structure  of  the  Technical  Effort  for  the  “a-b”  Plane 
Pyrolytic  Graphite  Throat  Insert  Program. 


The  first  two  of  these  were  successfully  accomplished.  The  third  one,  the  fabrication  of  actual  throat 
inserts,  was  not  accomplished  successfully.  No  throat  inserts  were  fabricated  which  were  defect  free  and  had  the 
desired  thickness. 


The  program  was  then  redirected  to  investigate  the  use  of  carbon/carbon  materials  as  throat  inserts  for 
advanced  strategic  missile  systems. 


4.0 


DESIGN  CONCEPTS 


4.1  Introduction 

In  the  initial  phase  of  the  program,  a number  of  a-b  plane  PG  throat  insert  design  concepts  were 
identified  which  offered  the  possibility  of  meeting  the  stated  design  requirements  of  the  program.  The  concepts 
considered  included  free-standing  shapes  composed  of  one  or  more  layers  of  PG.  PG  deposited  on  several  different 
kinds  of  substrates  were  also  considered. 

In  considering  the  various  concepts,  active,  on-going  programs  as  well  as  previous  work  which  offered 
reasonable  relevance  was  reviewed.  The  specific  objective  being  to  identify  concepts  already  addressed  and  to 
determine  problems,  failure  modes,  and  degree  of  past  success.  The  following  programs  were  considered: 

1 . TRW  AFML  Carbon/Carbon  Substrate  Program  I ' 1 * 

2.  Hercules  Design  Studies  I 

.1.  ARC  7.0-inch  Nozzle  Program  I 

4.  Acrotherm  Analysis  Study  of  ARC  Program  ^ I 

5.  ARC  7.0-inch  Scaleup  Program  (Codeposit I 

(>.  Royal  Propulsion  Establishment  Efforts  I**! 

7.  Pyrogcnies  (PFIZER)  AFRPL  Pyroid  Program 

S.  Marquardt  Free-Standing  Combustion  Chamber  Programs (8.9,10,1  1,I2| 

o.  Lockheed  Missile  & Space  Company  PG  Studies  I ' ' I 

The  bulk  of  the  efforts  relative  to  the  deposition  of  PG  coatings  on  substrates  have  been  performed  by 
the  Atlantic  Research  Corporation  and  the  British  Royal  Propulsion  Establishment.  Most  of  this  work  has  been 
concentrated  on  depositing  thin  (0.050  -0.100  inch)  PG  coatings  on  polycrystalline  graphite  substrates.  The  only 
publication  of  specific  application  is  the  final  report  of  the  ARC  Large  Nozzle  Development  Program  .1^1 

The  in-progress  AFML  Carbon/Carbon  Substrate  Program  1 1 1 at  the  time  of  this  present  activity  had  not 
addressed  the  problem  of  PG  coating  the  substrate  materials.  Thus,  it  offered  no  results  for  consideration  in  this 
program  relative  to  PG  coatings. 

The  most  significant  work  on  PG  deposition  of  free-standing  shapes  performed  prior  to  this  program  was 
that  done  by  the  Marquardt  Corporation  on  free-standing  liquid  rocket  combustion  chambers  18.9.10,11,121  alu) 
Pfizer  on  free-standing  PG  nozzle  components.!^ 

‘Numbers  in  square  brackets  refer  to  references  listed  in  Section  9.0. 
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4.2 


Design  Concept  Candidates 


Based  on  the  findings  of  the  review  and  evaluation  of  programs  listed  previously,  candidate  concepts 
were  established.  These  candidates  are  identified  and  discussed  in  the  following  paragraphs. 

Shown  in  Figure  2 is  the  single  layer,  free-standing  PC  insert  design  concept.  The  concept  as  established 
identified  a 0.30-inch-thick  PC  insert  backed  up  by  polycrystalline  graphite  or  other  material  as  determined  to  be 
appropriate  from  subsequent  detail  analysis.  Among  the  early  concerns  with  this  concept  was  the  problem  of  insert 
retention  because  of  the  relatively  thin  section  of  PC. 

Added  structural  integrity  of  thicker  sections  was  considered  to  be  desirable.  An  approach  to  obtaining  a 
thicker  insert  is  shown  in  Figure  3.  It  includes  a dual-layered  pyrolytic  graphite  insert.  Each  layer  of  pyrolytic- 
graphite  is  approximately  0.30-inch  thick.  The  outer  layer  is  first  deposited  in  a “free-standing"  state.  The 
deposition  process  is  then  interrupted  and  the  inner  layer  is  then  deposited.  A deliberate  weak  interface  is  thus 
provided  and  the  structural  integrity  of  each  layer  is  maintained  during  deposition. 

The  deposition  of  the  two  layers  together  ensures  that  at  the  deposition  temperature  the  interfaces  are 
matched.  The  two  layers  result  in  a total  thickness  of  0.60  inch.  This  provides  adequate  thickness  to  maintain  axial 
retention  as  the  downstream  nozzle  component  erodes  during  the  firing.  The  low  conductivity  of  the  pyrolytic 
graphite  in  the  c direction  maintains  backside  temperatures  at  low  values.  The  insert  backup  could  be  either  carbon 
phenolic  oi  ATJ  graphite. 

Variations  on  this  basic  concept  are  shown  in  Figure  4.  This  concept  shows  three  layers  of  pyrolytic- 
graphite.  Although  this  concept  increases  the  complexity  of  the  design,  it  results  in  more  design  variables  which 
could  aid  in  increasing  margins  of  safety. 

In  conjunction  with  the  three-layered  design  shown  in  Figure  4.  a pressure  bleed  boundary  condition  is 
shown.  The  bleeding  of  pressure  to  the  backside  of  the  insert  resulted  in  a successful  test  for  a 3.5-inch  throat 
diameter  nozzle.  A seal  such  as  Grafoil  is  shown  on  the  downstream  face  of  the  coaling.  Although  three  layers  are 
shown,  either  one  or  two  layers  could  be  used  for  the  pressure  bleed  concept.  Some  of  the  difficulties  in  the  past 
efforts  to  successfully  fire  an  a-b  plane  PG  insert  have  been  attributed  to  the  lack  of  control  and  knowledge  of  the 
boundary  conditions  of  the  back  side  of  the  insert.  The  pressure  bleed  concept  offers  an  opportunity  for 
improvement  in  this  regard.  The  major  advantage  of  this  sytem  is  that  the  insert  can  move  outwardly  under  thermal 
growth  and  the  backside  boundary  condition  is  well  defined. 

Other  design  concepts  were  considered.  For  the  most  part  they  involved  PG  coatings  and  thus  the 
tailoring  oi  developing  of  a substrate  which  would  provide  a suitable  backup  for  the  PG  insert.  In  each  case,  the 
concepts  were  considered  to  require  developmental  efforts  outside  the  scope  of  the  present  program. 

The  candidates  which  were  selected  for  additional  study  and  detailed  analysis  were  of  the  free-standing 
concept,  Th  ■ details  of  these  analyses  are  contained  in  Sections  5.0  and  6.0. 


Figure  2.  Single  Layer  PG  Insert  Configuration  - Preliminary  Concept. 


Figure  3.  Dual  Layer  PG  Insert  Configuration  - Preliminary  Concept. 


Figure  4.  Multilayered  Pressure-bleed  PG  Insert  Concept  - Preliminary  Concept. 


4.3 


Assessment  of  Past  Programs 


Before  presenting  the  details  of  the  analyses  of  the  selected  design  concepts,  it  is  til  interest  to  review 
briefly  relevant  past  programs.  In  an  effort  to  avoid  the  mistakes  of  the  past,  an  assessment  was  mode  of  previous  a h 
plane  PC  nozzle  activities.  In  this,  special  attention  was  paid  to  the  results  and  information  available  from  the  ARC 
7.0-inch  PC  Program, I the  Pfizer  Bulk  PC.  Program, and  the  Maruuardt  Free-Standing  Combustion  Chamber 
Programs.  |8.9. 1 0, " , 1 2 1 

This  review  then  served  as  a guideline  for  an  improved  approach  to  the  design  and  analysis  of  a-b  plane 
PC  throat  inserts. 

4.3.1  Atlantic  Research  Corporation  7.0-inch  PC  Program 

During  the  course  of  the  ARC  7.0-inch  PC  Program  J ^ five  nozzle  firings  were  conducted.  In  each 
nozzle  a throat  insert  comprised  of  an  a-b  plane  PC  coating  on  an  AGSR  graphite  substrate  was  used.  In  each  of  the 
firings  some  failure  of  the  PC  coating  occurred. 

A thermostructural  analysis  of  the  PG/AGSR  throat  section  was  performed  in  the  initial  phase  of  that 
program.  The  analysis  utilized  the  design  methodology  and  material  properties  that  were  available  at  that  time.  In 
reviewing  the  analysis  in  reference  to  todays  technology,  several  areas  for  improvements  in  the  design  approach  and 
assumptions  were  identified.  These  are  summarized  below. 

• Pyrolytic  Graphite  Properties 

The  previous  analysis  used  as  property  input  an  average  set  of  Plastic  Moduli  and 
coefficients  of  linear  expansion  data  obtained  from  test  results  with  plate  material.  No 
attempt  was  made  to  distinguish  data  from  CN  and  SN  pyrolytic  graphite.  Strength 
data,  except  for  a-b  plane  strengths,  were  based  on  very  limited  data.  Tensile  moduli 
were  used  throughout  although  the  PC.  material  is  basically  in  a state  of  compressive 
stress  during  firing. 

In  the  present  program,  the  data  available  in  the  literature  together  with  test  data  from 
SoRI  was  used  to  establish  the  significant  properties  required  for  a thermostructural 
analysis. 

• AGSR  Properties 

The  properties  of  AGSR  used  in  the  analysis  were  based  on  very  limited  room 
temperature  values.  Strength  data  was  almost  nonexistent.  Again  tensile  modulus  was 
used.  Subsequent  testing  of  AGSR  indicated  a vastly  different  material  behavior  when 
loaded  in  compression  instead  of  tension.  This  probably  had  a significant  impact  on 
the  analysis  results. 
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Iii  the  present  program,  the  “free-standing”  shell  was  taken  as  the  primary  design 
approach  and  no  substrate  is  required,  thus  eliminating  the  questions  relative  to  the 
properties  of  a substrate. 

• Analysis  Technique 

An  elastic  solution  was  used  for  determining  the  stresses  and  strains  in  the  previous 
program.  That  resulted  in  an  overestimation  of  the  stresses  in  the  problem  and  made 
failure  predictions  difficult  since  most  calculated  stress  values  were  above  the 
allowable  properties  published  in  the  literature.  For  the  case  of  PG  coatings,  the 
stresses  imposed  by  mechanical  loads  are  not  insignificant  by  comparison  with  the 
thermal  loads,  making  an  assessment  of  failure  on  the  basis  of  failure  strains 
questionable  as  well.  Therefore,  the  interpretation  of  the  analysis  results  were  made  on 
a comparative  basis  with  successful  firings  of  nozzles  having  smaller  throat  diameters. 

In  the  present  program,  the  analyses  were  performed,  taking  the  material  nonlinearities 
into  account  using  computer  codes  such  as  SAAS  III. I 

• Thermal  Analysis 

The  previous  analysis  did  not  consider  the  affects  of  erosion  or  axial  conduction  into 
the  substiate  due  to  upstream  and  downstream  components.  Only  radial  conduction 
through  the  coating  was  considered  and  the  local  heating  effects,  which  increase  the 
substrate  temperature,  were  not  included  in  the  structural  analysis.  In  the  present 
approach,  both  of  these  effects  were  accounted  for.  The  details  of  the  thermal  analyses 
and  the  techniques  used  are  presented  in  Section  6.2. 

• Cooldown  Analysis 

Throughout  the  previous  program  the  deflection  of  the  substrate  at  the  OD  due  to 
residual  stresses  was  underestimated  by  50  percent.  This  was  due  to  inaccurate 
material  properties  and  probably  due  to  some  graphitization  of  the  PG  along  with 
analysis  oversimplification. 

In  the  Ircc-standing  approach  taken  here,  no  substrate  was  used  so  that  the  conditions 
leading  to  residual  stresses  on  cooldown  were  simplified.  Residual  stresses  still  occur 
even  in  the  free-standing  case.  However,  experimentally  determined  residual  stresses 
were  compared  with  analytical  predictions  as  discussed  in  Section  6..V.C 
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Buckling 
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The  coating  thicknesses  used  in  the  previous  program  were  bO  mils  or  less.  These  were 
deposited  on  a very  low  modulus  substrate  which,  in  compression,  could  provide  little 
structural  support  to  the  coating.  Although  stresses  were  similar  to  smaller  diameter 
nozzles  that  performed  successfully,  failures  occurred.  No  attempt  was  made  to 
perform  a stability  analysis  in  the  previous  program.  In  the  present  program,  much 
thicker  coatings  were  considered.  Also,  a buckling  analysis  was  performed  to  help 
identify  and  avoid  the  possibility  of  this  type  of  failure.  The  results  of  this  effort  are 
presented  in  Section  6.3.5. 

• Conclusions 

These  results,  together  with  a reevaluation  of  the  test  firing  rcstdts  of  the  previous 
program, I lead  to  the  following  conclusions: 

1 1 ) Compressive  failures  of  the  coating  occurred  in  all  the  test  firings.  The  coatings 
m the  first  two  firings  also  experienced  massive  delaminations  due  to  poor 
microstructure  and  striations.  Compressive  type  failures  were  confirmed  by 
microphotographs  of  the  failed  coatings,  the  stress  analysis  performed,  and  by 
the  fact  the  substrate  experienced  a reduction  in  OD  after  the  test  firing. 

(2)  Several  shortcomings  in  the  analysis  approach  and  material  properties  used  were 
identified.  However,  the  probable  major  contributor  to  the  failures  was  an 
underestimation  of  the  magnitude  of  compressive  stresses  resulting  in  the 
inadequate  allowance  for  radial  growth  into  the  design.  The  conclusion  is  based 
on  data  that  now  shows  the  coefficient  of  linear  expansion  for  the  Atlantic 
Research  IHi  to  be  twice  that  used  in  the  original  analysis  and  1.5  times  the 
average  value  lound  in  the  literature  for  continuously  nucleated  I’fi  deposited  at 
vacuum  conditions. 

(3)  There  is  a strong  possibility  that  pressure  bleeding  to  the  backside  ol  the 
substrate  caused  massive  compressive  failure  for  some  cases. 

(4)  In  general,  the  basic  incompatibility  in  thermal  expansion  characteristics 
between  the  AfiSR  and  pyrolytic  graphite  causes  compressive  cooldown  stresses 
m the  coatings  which  are  additive  to  the  stresses  induced  during  motor  firing. 

4.3.2  Marquardt  Tree-Standing  Chamber  Programs 

Marquardt  conducted  a number  of  AFRPI.  and  NASA-funded  programs  I83UO.1 1 .1  - | ovct  .,  peniK|  ,,| 
years  ranging  troni  1962  to  l‘)bK.  These  programs  were  aimed  at  the  development  of  liquid  rocket  combustion 
chambers  for  long  operational  durations  utilizing  high  temperature  propellants. 
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Many  tubes  and  chambers  were  fabricated  with  both  substrate  and  continuously  nucleated 
microstructures  and  with  process  interruptions.  Some  of  the  conclusions  which  resulted  from  these  programs  are: 

a.  The  highest  rupture  pressures  of  PG  tubes  tested  were  attained  with  a continuously 
nucleated  microstructure. 

b.  Continuously  nucleated  PG  is  the  best  type  of  microstructure  for  minimization  of 
axial  residual  stresses  in  the  throat  region. 

c.  This  niicrostructure  was  not  tested  in  firings  because  of  an  inability  to  control  wall 
thickness  in  a limited  number  of  furnace  runs. 

d.  PG  tubes  containing  carefully  controlled  delaminations  can  currently  be  produced  to 
carry  about  1,000  psig  internal  pressure  at  room  temperature. 

c.  When  developing  new  configurations,  it  is  best  to  make  short  furnace  runs  to  make 
thin  deposits  for  the  determination  of  axial  variation  of  deposition  rates. 

As  with  all  the  other  work  performed  on  the  development  of  PG  rocket  nozzle  components,  the 
thermal-structure  analysis  techniques  were  not  adequate. 

4.3.3  Pfizer  Bulk  PG  Program 

The  results  ol  this  program  indicated  that  large,  thick,  free-standing  a-b  plane  PG  parts  could  be 
fabricated  The  size  of  the  parts  fabricated  and  tested  in  this  effort  were  not  adequate  to  allow  the  conecpt  of 
interrupted  deposition  to  be  successfully  demonstrated.  In  addition,  property  data  and  analytic  techniques  were  not 
available  to  fully  understand  the  rationale  required  to  convert  the  concept  to  a viable  design  approach. 


5.0  PYROLYTIC  GRAPHITE  PROPERTIES 

5. 1 Available  Property  Data 

For  the  design  analysis  of  a-b  plane  PG  throats  for  nozzles,  it  is  necessary  to  have  available  the  thermal 
and  mechanical  properties  for  the  material.  The  property  data  which  exist  in  the  literature  were  obtained  over  a 
number  of  years.  The  materials  used  in  those  test  activities  represent  a very  wide  range  of  types  of  pyrolytic  graphite 
materials  which  is  not,  in  general,  representative  of  the  material  produced  in  the  program  for  throat  inserts.  Also, 
there  is  only  limited  data  available  on  some  of  the  properties.  In  only  a few  instances,  have  stress-strain  curves  been 
obtained.  Described  in  Section  5.2  is  the  testing  program  which  was  conducted  to  fill  in  areas  where  existing  data  are 
incomplete  or  suspect  and  to  verify  which  of  the  existing  data  is  representative  of  the  actual  material  being 
considered  for  the  design. 

A review  of  existing  data  was  performed,  and  the  following  baseline  properties  were  established  for  both 
SN  and  CN  pyrolytic  graphite  type  materials.  Three  types  of  properties  are  required.  These  are:  (I)  compliance 
properties  required  to  predict  stress  and  strain  values  in  the  material,  (2)  thermal  properties  to  predict  erosion  and 
thermal  gradients,  and  (.5)  uniaxial  failure  properties  to  allow  the  prediction  of  margins  of  safety. 

The  required  properties  for  the  stress  and  strain  predictions  are  modulus  of  elasticity  in  tension  and 
compression,  shear  modulus,  Poisson's  ratio,  and  coefficient  of  thermal  expansion  in  both  the  a-b  and  e directions  as 
a function  of  temperature.  To  perform  nonlinear  analysis,  the  stress-strain  curves  in  each  of  the  directions  arc  also 
required.  Table  I shows  the  properties  required  and  the  source  from  which  the  properties  were  obtained.  As  can  be 
seen,  most  of  the  data  is  from  the  TRW  thermal  stress  response  notebook  J ^ I The  table  also  shows  that . in  some 
instances,  no  distinction  between  SN  and  CN  properties  is  made.  This  occurs  when  the  same  reference  page  is  given 
for  both  SN  and  CN  materials.  In  reality,  the  only  data  in  which  a distinction  between  SN  and  CN  material  can  be 
drawn  are  the  modulus  of  elasticity  and  the  thermal  expansion  characteristics. 

As  can  be  seen,  no  data  for  c direction  tensile  properties  are  available.  This  is  due  to  the  difficulty  in 
obtaining  a sufficient  gauge  length  for  PG  in  the  c direction.  In  order  to  establish  this  property  for  analysis  input,  the 
constituent  relationships  of  Poisson's  ratios  and  the  a-b  direction  modulus  which  is  known  arc  used  to  solve  lor  the 
modulus  in  the  c direction.  That  is: 


oca 


The  above  value  is  that  to  be  used  in  the  analysis. 

Also,  the  c direction  compressive  data  are  only  for  room  temperature  conditions.  An  assumption  has 
been  made  that  the  compressive  modulus  changes  as  a function  of  temperature  proportionate  to  that  of  the  a-b 
plane  compressive  modulus. 
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TABLE  1.  MATERIAL  PROPERTIES  PYROLYTIC  GRAPHITE. 


5N  material 


CN  material 


Modulus  of  elasticity 

a-b  — tension 

Page  IIIC-43 * 

Page  IIIC-73 

a-b  — compression 

Fig.  4-7b 

Fig.  4-7b 

c — tension 

Page  II IC-4a 

Page  IIIC-73 

c — compression 

1 2-3-1 c 

1 2-3-1 c 

Shear  Modulus 

Page  IIIC-93 

Page  IIIC-93 

Poisson’s  Ratio 

Page  IIIC-103 

Page  IIIC-IO* 

Thermal  Expansion 

a-b 

Page  IIIC-5a 

Page  IIIC-83 

c 

Page  IIIC-53 

Page  IIIC-83 

Stress-Strain  Curves 


a-b  — 

tension 

Page  IIIC-33 

Page  IIIC-63 

a-b  — 

compression 

Fig.  4-9b 

Fig.  4-9b 

c — 

tension 

No  Data 

No  Data 

c — 

compressions 

1 2-3-1 c 

1 2-3- 1 c 

3 Thermal  stress  response  notebook,  TRW,  10  January  1975.1  * 51 

b Pyrolytic  Graphite  Final  Report,  Volume  I,  Lockheed  Missiles  & Space  Company,  1 June  1962.1 ,6I 

c Pyrolytic  Graphite  Engineering  Handbook,  General  Electric,  September  1964.1’  71 
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The  next  set  of  properties  required  arc  the  thermal  properties.  Table  2 shows  the  thermal  properties 
presently  being  used  for  ATJ,  PG/SiC,  and  pyrolytic  giaphite.  The  ATJ  properties  were  obtained  from  SoRI.  The 
PG/SiC  properties  were  those  obtained  in  the  Scale-up  Program  with  the  thermal  conductivity  data  being  that 
backed  out  of  the  TRW  thermal  stress  test  data.  The  SiC  content  is  15  percent.  The  pyrolytic  graphite  properties  arc 
those  obtained  from  the  TRW  notebook. 

Finally,  a set  of  strength  properties  are  required.  Tables  3 and  4 show  the  strength  properties  for  the  SN 
and  CN  materials.  Since  the  data  for  PG  have  some  scatter,  both  a set  of  minimum  strength  properties  and  average 
strength  properties  have  been  constructed.  Factors  of  safety  will  be  calculated  based  on  both  the  minimum  and 
average  properties. 

The  minimum  strengths  for  the  SN  and  CN  materials  are  the  same  since  they  represent  a lower  bound  for 
all  test  results.  The  minimum  tensile  values  were  obtained  from  the  TRW  notebook,  page  11-14.  The  minimum  shear 
and  compressive  properties  were  obtained  from  Reference  17  shown  on  Table  I . 

The  average  set  of  strength  properties  was  taken  from  work  published  by  Gebhardt  and  Berry  J 

T he  results  represent  at  least  five  tests  at  each  of  the  individual  test  temperatures.  From  these  data  the 
effect  of  the  different  strengths  of  SN  and  CN  materials  can  be  evaluated. 

5.2  Testing  Program 

5.2.1  Data  Required  for  Analysis 

Thermal  and  mechanical  properties  of  pyrolytic  graphite  material  have  been  reported  in  the  literature. 
However,  much  of  these  data  were  obtained  from  test  resulis  on  plate-type  pyrolytic  graphite.  The  data  exhibit  a 
large  amount  of  “scatter"  due  to  both  the  method  of  testing  and  the  varied  processes  used  to  manufacture  the 
material.  The  material  property  testing  performed  in  this  program  was  performed  to  obtain  certain  pertinent 
material  properties  for  the  pyrolytic  graphite  material  manufactured  by  the  Pfizer  Corporation  intended  for  use  in 
this  program.  To  this  end,  the  processing  parameters,  configuration,  and  test  methods  were  defined  to  the  point  that 
the  test  results  are  representative  of  the  material  actually  used  to  manufacture  components.  The  individual  test 
specimens  were  machined  from  a 7.0-inch-diaineter  tube,  approximately  6 inches  long  and  having  a nominal  0.20 
inch  wall  thickness. 

For  the  analysis  of  axisymmetric  bodies  of  revolution,  comprised  of  an  anisotropic  material,  the  elastic- 
constants  required  for  an  analysis  are  shown  below  in  the  form  of  the  stress-strair  .clationships. 
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TABLE  2.  THERMAL  PROPERTIES. 


Material 

Temperature 

(°R) 

Density 

(lb/ft3) 

CP 

(Btu/lb-°R) 

CONDUCTIVITY 
(1 0*2  Btu/ft-sec-°R) 

Emissivity 

ab* 

c** 

460 

136.5 

0.200 

5.64 

0.0432 

0.850 

1460 

136.5 

0.380 

3.84 

0.0252 

0.850 

Pyrolytic 

2460 

136.5 

0.450 

2.40 

0.0192 

0.850 

Graphite 

3460 

136.5 

0.530 

1.50 

0.0228 

0.850 

4460 

136.5 

0.540 

1.20 

0.0288 

0.850 

6460 

136  5 

0.560 

1.18 

0.0450 

0.850 

529 

146.9 

0.160 

3.59 

0.528 

0.850 

960 

146.9 

0.312 

2.77 

0.440 

0.850 

1460 

146.9 

0.370 

2.22 

0.343 

0.850 

1960 

146.9 

0.404 

1.81 

0.259 

0.850 

2460 

146.9 

0.430 

1.62 

0.174 

0.850 

PG/SiC 

(15%) 

2960 

146.9 

0.450 

1.38 

0.124 

0.850 

3460 

146.9 

0.470 

1.14 

0.132 

0.850 

4460 

146.9 

0.480 

0.90 

0.151 

0.850 

4960 

146.9 

0.480 

0.90 

0.151 

0.850 

7960 

146.9 

0.480 

0.90 

0.151 

0.850 

460 

109.0 

0.283 

1.57 

2.080 

0.850 

960 

109.0 

0.340 

1.18 

1.610 

0.850 

1460 

109.0 

0.390 

0.938 

1.230 

0.850 

1960 

109.0 

0.430 

0.759 

0.968 

0.850 

ATJ 

Graphite 

2460 

109.0 

0.462 

0.632 

0.799 

0.850 

3460 

109.0 

0.505 

0.509 

0.646 

0.850 

4460 

109.0 

0.521 

0.470 

0.579 

0.850 

5460 

109.0 

0.525 

0.456 

0.539 

0.850 

6460 

109.0 

0.525 

0.444 

0.532 

0.850 

‘ACROSS  GRAIN  CONDUCTIVITY  FOR  ATJ  GRAPHITE 
♦•WITH  GRAIN  CONDUCTIVITY  FOR  ATJ  GRAPHITE 


TABLE  3.  SUBSTRATE  NUCLEATED  PG. 


I 


Temperature 

— 

Shear 

Property 

Tensile 

Compression 

allowable 

condition 

a-b 

c 

a-b 

c 

(psi) 

68° 

Minimum 

10000.0 

420.0 

10000.0 

^ „ 

42000.0 

525.0 

Average 

18191.0 

750.0 

11000.0 

- 50000.0 

1522.0 

2000° 

Minimum 

10500.0 

175.0 

10250.0 

50000.0 

525.0 

Average 

17555.0 

312.0 

11275.0 

55000.0 

1448.0 

3000° 

Minimum 

12000.0 

100.0 

10500.0 

60000.0 

525.0 

Average 

16919.0 

178.0 

1155(70 

65000.0 

1374.0 

4000° 

Minimum 

15000.0 

90.0 

1 1 0..70.0 
12100.0 

60000.0 

525.0 

Average 

22095.0 

161.0 

65000.0 

1469.0 

5000° 

Minimum 

23000.0 

400.0 

7500.0 

60000.0 

525.0 

Average 

50525.0 

714.0 

8250.0 

65000.0 

1620.0 

TABLE  4.  CONTINUOUSLY  NUCLEATED  PG. 


Stress  allowable 


Temperature 

(psi) 

Shear 

Property 

Tensile 

Compression 

allowable 

condition 

a-b 

c 

a-b 

c 

(psi) 

68° 

Minimum 

Average 

10000.0 

17818.0 

420.0 

750.0 

10000.0 

14500.0 

42000.0 

50000.0 

525.0 

2578.0 

2000° 

Minimum 

Average 

10500.0 

18153.0 

175.0 

312.0 

10250.0 

14862.0 

50000.0 

55000.0 

525.0 

2615.0 

3000° 

Minimum 

Average 

12000.0 

18488.0 

100.0 

178.0 

10500.0 

15225.0 

60000.0 

65000.0 

525.0 

2652.0 

4000° 

Minimum 

Average 

15000.0 

27525.0 

90.0 

161.0 

11000.0 

15950.0 

60000.0 

65000.0 

525.0 

3135.0 

5000° 

Minimum 

Average 

23000.0 

55275.0 

400.0 

714.0 

7500.0 

10875.0 

60000.0 

65000.0 

525.0 

3155.0 
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As  shown,  there  ure  seven  independent  elastic  constants  when  one  rcah/es  that 
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and  three  thermal  expansion  terms.  For  pyrolytic  graphite,  there  is  a transverscl>  isotropic  plane,  and  the  clastic 
constants  reduce  to  five,  the  thermal  expansion  coefficients  to  two.  These  arc  two  clastic  moduli,  two  Poisson's 
ratios,  and  one  shear  modulus.  These  material  properties  must  be  evaluated  for  the  temperature  range  70  to 
6,000°F  over  which  the  material  is  to  be  utilized.  In  addition,  the  material  exhibits  different  properties  for  tension 
and  compression  loading. 

Stress-strain  curves  for  the  pyrolytic  graphite  exhibit  a degree  of  nonlinearity,  especially  at  the  higher 
temperatures.  Because  of  this,  entire  stress-strain  curves  are  required  to  perform  an  analysis.  Also  testing  ot  the 
materials  under  multiaxial  stress  fields  is  required  to  establish  interaction  constants  for  both  yield  and  failure 
criteria.  Uniaxial  and  biaxial  strength  values  arc  required. 


The  evaluation  and  determination  of  properties  over  the  entire  temperature  range  and  in  both  material 
property  directions  is  beyond  the  scope  of  this  program.  In  fact,  testing  techniques  for  the  evaluation  of  c direction 
tensile  properties  in  relatively  thin  coatings  where  gauge  lengths  are  necessarily  very  small  are  essentially  nonexistent. 
Multiaxial  testing  techniques  arc  very  expensive,  if  even  available.  For  most  such  tests,  testing  techniques  would  need 
to  be  developed. 

Therefore,  the  testing  performed  was  limited  to  obtaining  properties  which  have  considerable  influence 
on  the  calculated  stress  and  strain  states  and  are  determinable  by  relatively  straightforward  testing  techniques. 
Sufficient  tests  were  performed  to  establish  representative  material  properties  over  the  temperature  range  of  interest 
hi  each  of  the  material  property  directions.  Elastic  modulus,  stress-strain  curves  and  uniaxial  strain  and  stress 
allowables  for  both  tension  and  compression  loading  were  measured  at  a number  ot  temperatures.  Shear  modulus. 
Poisson's  ratio,  shear  strength,  and  c direction  compressive  strength  were  measured  at  ambient  lemperatuie 
conditions.  Coefficients  of  linear  expansion  were  determined  in  both  the  a-h  and  c directions  over  a temperature 
range  of  70  to  5,000°F. 
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The  scope  ol  testing  pcrlormed  is  shown  m (Jie  hollowing  section  and  is  adequate  to  characterise  the 
material  to  determine  whether  it  is  more  like  existing  data  for  CN  or  SN  type  materials.  With  this  measured  data  and 
the  available  data  from  the  literature,  the  properties  are  available  to  provide  a basis  for  an  engineering  judgement  on 
the  degree  of  structural  success  expected  for  the  a-b  plane  insert. 

5.2. 2 Testing  Accomplished 

Based  on  the  need  for  certain  critical  properties  identified  in  previous  analyses,  cost  effectiveness,  and 
the  availability  of  testing  techniques,  a material  property  testing  plan  was  established.  Southern  Research  Institute 
performed  the  detailed  testing.  Table  5 shows  the  test  matrix  for  the  testing  at  Southern  Research  Institute. 

As  shown,  tension  and  compression  properties  in  the  a-b  plane,  coefficient  of  thermal  expansion  in  both 
the  a-b  and  c planes  and  shear  strengths  and  shear  modulus  were  obtained.  These  properties  have  all  been  shown  to 
have  a strong  influence  on  stress  and  strain  states  and  resulting  failure  of  a-b  plane  pyrolytic  graphite  components. 

5.2.3  Summary  of  Test  Data 

The  evaluation  matrix  presented  in  Table  6 represents  the  experiments  actually  performed  for  property 
determination.  This  is  slightly  diflerent  from  the  specification  in  the  original  test  matrix  presented  in  the  previous 
section.  Three  interlaminar  shear  evaluations  at  1 ,500°F  and  two  at  3,500°F  were  added  to  the  matrix,  and  three 
tensile  tests  were  deleted  The  additional  shear  tests  were  performed  to  resolve  the  ambiguity  in  the  results  obtained 
Iroui  tests  performed  on  specimens  with  two  different  gage  lengths.  This  will  be  discussed  later.  The  five  additional 
shear  specimens  were  made  from  the  deleted  tensile  specimens. 

A detailed  presentation  of  the  cutting  patterns  and  testing  techniques  are  presented  in  Appendix  A. 
Southern  Research  Institute’s  Letter  Report  to  Atlantic  Research.  A summary  of  the  data  obtained  is  presented 
here. 


The  nomenclature  adopted  for  this  program  assigns  the  material  a-direction  parallel  to  the  cylinder  axis 
(/).  tin  h -direction  as  circumferential  ( 0 ) and  the  c -direction  as  radial  (r).  Since  the  material  properties  are 
considered  to  be  the  same  in  the  a and  b directions  and  the  evaluation  of  circumferential  specimens  will  present 
unique  specimen  problems,  all  a-b  specimens  were  taken  with  the  test  direction  along  the  a (z)  axis.  For  shear 
modulus,  determinations  were  made  for  Gqz  and  GfZ  = Gfg.  For  axisymmetric  problems,  the  shear  modulus  required 
for  analysis  is  GrJ,. 

Figure  5 shows  the  data  obtained  for  the  tensile  modulus  in  the  a-b  direction.  Test  data  arc  shown  at  two 
temperatures,  70  and  3.500°F.  Average  values  for  modulus  arc  3.36  X 10*’  psi  at  70°F  and  4 4*)  X 10*’  psi  at 
3.500°F. 
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TABLE  5.  PRE-TEST  PG  CYLINDER  EVALUATION  MATRIX. 


Evaluation 

type 

Compression  — a-b 

Compression  — c 

Tension  — a-b 

Unit  Thermal 
Expansion  — a-ba 

Unit  Thermal 
Expansion  — ca 

Shear  Strength 
Interlaminar 

Shear  Modulus 


Temperature  in  "F 


TABLE  6.  ACTUAL  PG  CYLINDER  EVALUATION  MATRIX. 


Temperature  in  ' F 
500  3500 


Evaluation 

type 

Compression  — a-b 

Compression  — c 

Tension  — a-b 

Unit  Thermal 
Expansion  — a-ba 

Unit  Thermal 
Expansion  — ca 

Shear  Strength 
Interlaminar 

Shear  Modulus 


aUnit  thermal  expansion  measurements  were  conducted  twice  on  these  specimens  to  evaluate 
the  effects  of  a repeated  thermal  cycle. 
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Figure  5.  Tensile  Modulus  for  Pyrolytic  Graphite,  a-b  Plane. 
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Figure  6 shows  lire  a-b  direction  tensile  strength  data  results.  Substantial  scatter  in  the  data  is  apparent 
and  is  probably  due  to  three  factors.  First  the  tensile  specimens  had  some  longitudinal  curvature  (a  bow  ol 
approximately  0.017  inch  at  the  middle  of  the  specimen  length).  Secondly,  expansion  mismatch  between 
exlensometcr  attachments,  and  the  specimens  appeared  to  cause  stress  concentrations  resulting  in  specimen  failure  in 
these  regions.  Finally  at  room  temperature,  pyrolytic  graphite  nodule  si/e  seemed  to  influence  failure  strength  since 
the  two  lowest  strength  values  were  obtained  from  specimens  that  fractured  near  larger  than  average  nodules. 

The  tensile  strength  results,  therefore,  indicate  that  test  methods  need  to  lie  improved  and  that  strength 
results  at  low  temperatures  may  exhibit  large  data  scatter  depending  on  surface  roughness  and  individual  nodule 
st/cs. 


Figures  7 and  K show  the  test  results  for  compressive  modulus  and  compressive  strength.  These  results 
show  that  the  two  data  points  at  each  temperature  correlate  well  with  little  scatter. 

Table  7 shows  the  shear  modulus  values  obtained.  Both  plate  and  tension  specimens  were  used  to 
determine  these  values.  A detailed  discussion  of  the  tests  and  theoretical  development  used  to  obtain  these  values  are 
presented  in  Appendix  A. 

Figures  0 and  10  show  the  results  of  the  thermal  expansion  experiments.  The  two  cycles  relcr  to  first 
performing  thermal  expansion  evaluations  from  room  temperature  to  5.000°F.  allowing  the  specimens  to  cool  to 
room  temperature  and  performing  the  same  evaluations  during  a second  exposure  from  room  temperature  to 
5.000°F.  The  purpose  of  the  two  tests  is  to  evaluate  to  some  extent  the  effect  of  “reordering”  of  the  pyrolytic 
graphite  at  temperatures  above  the  deposition  temperature.  The  “reordering"  phenomenon  has  been  rccogm/ed  on 
other  programs  involving  thermal  expansion  measurements  on  pyrolytic  graphite  and  is  shown  graphically  in  the 
values  obtained  in  Figures  9 and  10.  Above  3.500  to  4,000°F  permanent  growth  in  the  a-b  plane  and  contraction  in 
the  c plane  occur.  These  growths  and  contractions  are  shown  to  be  both  time  and  temperature  dependent.  For 
analysis  purposes,  especially  for  cooldown  analyses,  the  second  cycle  data  are  expected  to  be  more  representative  of 
the  material  behavior  since  times  in  a nozzle  firing  (60  seconds  maximum)  are  much  less  than  the  time  at 
temperature  used  in  thermal  expansion  laboratory  testing. 

The  final  data  results  to  be  reported  arc  the  shear  strength  data.  These  data  arc  probably  the  most 
difficult  to  interpret  due  to  the  vastly  different  results  obtained  using  two  different  specimen  configurations.  Figures 
II  and  12  show  the  specimen  configuration  used  to  measure  shear  strength.  This  specimen  configuration  has  been 
used  by  SoRI  in  the  past  to  evaluate  carbon/carbon  materials.  The  specimen  is  loading  in  compression,  and  the  shear 
strength  is  determined  by  dividing  the  total  load  by  the  gage  length  area.  As  shown  in  the  two  figures,  the  only 
difference  in  the  two  specimens  was  the  gage  lengths  0.25  inch  long  and  0.50  inch  long. 

Figure  13  shows  the  results  of  the  tests,  shear  strength  versus  temperature.  The  results  obtained  with  an 
0.50-inch  gage  length  specimen  are  represented  by  open  circles  while  the  0.25-inch  gage  length  specimen  results  arc 
represented  by  solid  circles.  As  shown  at  3,500°F,  the  0.5-inch  gage  length  results  are  less  than  the  0.25-inch  results. 
At  70  and  1 ,500°F  the  0.5-inch  gage  length  results  are  also  lower  than  was  expected.  At  5.000°F  the  test  data  using 
the  0.25  gage  length  is  more  nearly  what  was  anticipated.  One  data  point  was  not  included  in  the  figure.  This  was  a 
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Figure  6.  Tensile  Strength  for  Pyrolytic  Graphite,  a-b  Plane. 
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Figure  7.  Compressive  Modulus  for  Pyrolytic  Graphite,  a-b  Plane. 


Figure  8.  Compressive  Strength  for  Pyrolytic  Graphite,  a-b  Plane. 
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TABLE  7.  RESULTS  OF  TORSION  AND  SHEAR  MODULUS  PLATE  EVALUATIONS. 


Load 

direction 

Temperature 

(°F) 

Specimen 

number 

Bulk 

density 

gm/tm^ 

Initial 
elastic 
modulus 
1 06  psi 

G0Z 

70 

SM  (P)-l 

2.2194 

2.02 

Guz 

70 

SM  (P)-2 

2.1987 

1.84 

grz 

70 

SM-1A 

2.2122 

0.19 

grz 

70 

SM-2A 

2.2048 

0.18 

grz 

70 

SM-4A 

2.2093 

0.21 

Figure  9.  Unit  Thermal  Expansion  for  Pyrolytic  Graphite,  a-b  Plane. 


UNIT  THERMAL  EXPANSION  (AL/L)  (10 in/in) 


O Specimen  # 1,  First  Exposure 
□ Specimen  # 2,  First  Exposure 
A Specimen  # 1,  Second  Exposure 
O Specimen  # 2,  Second  Exposure 


TEMPERATURE  (°F) 


Figure  10.  Unit  Thermal  Expansion  for  Pyrolytic  Graphite,  C-direction. 


Note:  All  dimensions  are  in  inches 


Figure  12.  Interlaminar  Shear  Strength  Test  Specimen  for  Pyrolytic 
Graphite,  0.25  inch  Gage  Section. 
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Results  for  Interlaminar  Shear  Strength  of  Pyrolytic  Graphite. 
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shear  strength  value  of  640  psi  at  3,500°F  obtained  using  an  0.25-inch  gage  length  specimen.  Since  this  data  point 
was  completely  out  of  line  in  reference  to  all  the  other  data  points  and  to  the  analysis  that  follows,  it  represents  a 
“bad”  test  and  should  not  be  included. 

To  understand  the  effect  of  gage  length  on  the  stress  results,  a finite  element  structural  analysis  of  the 
lest  sample  when  subjected  to  a 100-pound  load  was  performed.  The  TEXGAP  computer  code  was  used,  and  the 
finite  element  nodal  network  used  is  shown  in  Figure  14.  The  analysis  was  performed  using  room  temperature 
properties  for  the  pyrolytic  graphite.  Figure  15  shows  the  stress  distribution  along  the  gage  length  of  the  slotted 
specimen.  As  shown,  a stress  concentration  occurs  near  the  inside  corners  of  the  specimens  and  results  in  peak  stress 
value  of  2.070  psi  for  the  0.25-inch  gage  length  specimen  and  1 ,700  psi  for  the  0.5-inch  gage  length  specimen.  Using 
the  average  stresses  of  800  psi  for  the  0.25-inch  specimen  and  400  psi  for  the  0.5-inch  specimen,  the  stress 
concentrations  are: 


K0.25  = 2 59 
*0.50  = 4-25 

Hence  the  results  indicate  that  the  stre-s  concentration  factor  for  the  0.25-inch  specimen  is  far  less  than  the  0.5-inch 
specimen.  Therefore,  if  failure  occurs  due  to  a maximum  stress  condition  (which  is  probably  true  for  PC!  at  low 
temperatures),  the  0.5-inch  specimen  will  result  in  lower  apparent  shear  allowables.  As  the  materia)  is  raised  in 
temperature,  the  stress  concentration  factor  is  reduced  due  to  lower  stiffness  properties  and  nonlinear  effects, 
although  detailed  nonlinear  analyses  should  he  performed  at  the  higher  lest  temperatures  to  fully  evaluate  these 
effects.  This  was  beyond  the  scope  of  the  present  program.  Instead,  the  assumption  was  made  that  the  strain  at  the 
inner  corners  remained  approximately  the  same  as  a function  of  test  temperature  but  that  the  stress  concentration 
was  reduced  due  to  reduced  materials  properties  at  temperature.  With  this  assumption,  the  shear  stress  values 
obtained  directly  from  the  test  results  were  increased  based  on  the  stress  concentration  factors  determined  for  each 
ol  the  lest  temperatures.  These  results  are  represented  by  the  solid  line  shown  on  Figure  13.  These  results  compare 
well  with  the  shear  strength  values  reported  in  Section  5.2.1  for  CN  type  PC  material.  In  addition,  by  the  use  of 
concentration  factors,  the  seemingly  large  difference  in  the  test  results  obtained  at  3.500°F  for  the  two  gage  length 
specimens  is  eliminated.  The  average  shear  value  for  the  two  0.5-inch  specimens  tests  becomes  2.677  psi  and.  for  the 
0.25-inch  specimen,  the  average  value  is  2.898  psi.  Before  applying  concentration  factot , the  two  values  were  1 .685 
psi  and  ‘>60  psi.  respectively. 

Thus,  it  is  postulated  that  the  actual  shear  strength  values  for  the  PG  tested  are  best  represented  by  the 
solid  line  shown  on  Figure  13,  It  is  recommended  that  further  study  of  stress  concentration  effects  in  these 
specimens  be  performed  and  that  a redesign  of  the  specimen  be  performed  to  minimize  stress  concentration  effects. 
The  entire  subject  of  specimen  design  should  be  evaluated  with  detailed  analysis  of  the  specimen  in  question. 
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5.2.4 


Assessment  of  Test  Results  and  Comparison  with  Literature  Data 


The  results  of  the  material  property  testing  at  SoRI  were  presented  in  the  preceding  section  As 
discussed  in  that  section,  the  tensile  data  results  and  the  shear  strength  results  showed  considerable  scatter,  which 
could  he  contributed  to  either  specimen  design,  effects  of  nodules  at  low  temperature,  or  the  test  method.  The  need 
for  further  investigation  of  such  effects  on  the  test  results  is  clearly  indicated.  Nevertheless,  the  bulk  ol  the  test 
results  provided  useful  information,  and  the  objective  of  the  test  program  to  characterize  the  material  at  hand  and 
compare  the  test  data  with  the  existing  data  for  CN  and  SN  type  material  was  met. 

The  test  results  are  compared  to  literature  data  for  CN  and  SN  type  PC  material  in  Table  8.  The  table 
presents  the  test  value  obtained  for  the  properly  evaluated  and  values  considered  representative  of  CN  and  SN  PC; 
material  properties.  The  thermal  expansion  values  obtained  for  the  Pll/er  PC;  compare  very  well  with  CN  PC.  values. 
Also,  the  values  of  modulus  at  room  temperature  and  values  of  the  shear  strength  are  closer  to  CN  than  SN 
properties.  The  compressive  strengths  obtained  are  very  similar  to  those  for  CN  material  over  the  entire  temperature 
range.  Tensile  strength  values  are  somewhat  lower  than  the  CN  matei.al  values:  yet.  they  are  more  nearly  like  CN 
than  SN  material  values.  Overall,  the  property  test  values  appear  to  be  representative  of  a CN  type  material. 

The  shear  strength  values  and  the  compressive  strain  values  obtained  for  the  Pfizer  material  are  very 
encouraging.  These  values  meet  the  design  requirements  defined  by  the  analysis  woik  that  follows. 

The  test  data  obtained  in  this  program  along  with  literature  data  for  CN-type  PC.  material  are  considered 
to  be  adequate  for  use  in  performing  the  detail  analyses  that  follow.  This  approach  not  only  provided  a means  to 
study,  parametrically,  the  effects  of  different  properties  of  PC;  it  also  provided  the  opportunity  to  conduct  a 
significant  amount  of  design  analysis  prior  to  obtaining  property  data  on  the  PC  produced  later  in  the  program. 
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TABLE  8.  COMPARISON  OF  TEST  RESULTS  WITH  LITERATURE  DATA. 


'Corrected  shear  values  — see  Section  5.2.3. 
NA  • not  available. 


6.0  DESIGN  ANALYSIS 

6.1  Introduction 

Before  presenting  the  analytical  results,  a brief  discussion  of  the  analysis  plan  and  objectives  is  presented 
here  to  provide  a better  understanding  of  the  rationale  for  the  specific  analysis  tasks  that  follow. 

The  program  objectives  included  a series  of  nozzle  tests  with  nozzle  firing  durations  of  IS.  30  and  (>0 
seconds.  In  Section  4.0.  two  approaches  selected  for  the  a-b  plane  pyrolytic  graphite  insert  design  were  presented. 
These  were  a dual-layer  design  consisting  of  two  0.30-inch-thick  layers  of  pyrolytic  graphite  and  a single  layer  design 
which  included  only  one  0.30-inch-thick  pyrolytic  graphite  layer. 

As  pointed  out  in  the  material  propet ty  section,  pyrolytic  graphite  materials  exhibit  quite  varied 
properties  depending  on  the  process  conditions  and  the  type  of  pyrolytic  graphite  produced  (substrate  nucleated. 
SN.  or  continuously  nucleated.  ('NT  Since  representative  properties  for  the  Pfizer  produced  pyrolytic  graphite 
would  not  be  available  until  later  in  the  program,  a representative  set  of  CN  and  SN  properties  were  obtained  from 
the  literature  to  use  in  the  ensuing  analyses. 

One  of  the  parameters  that  was  studied  is  the  thermal  boundary  condition.  Thermal  analyses  have  been 
performed  for  the  following  boundary  conditions. 

a.  Insert  Only,  IO  Axial  conduction  from  upstream  and  downstream  components  is 
assumed  to  be  zero. 

b.  Nozzle  Assembly,  NA  The  entire  nozzle  assembly  is  modeled  into  the  thermal 
analysis,  thus  allowing  conduction  from  upstream  and  downstream  components. 

c.  Nozzle  Assembly  with  Front  Edge  Heating,  NAFE  Additional  heating  from  the 
exposed  forward  edge  is  allowed  as  the  upstream  component  erodes  away. 

Figure  16  shows  a typical  design  configuration  for  the  a-b  plane  pyrolytic  graphite  insert  nozzle  design. 
The  baseline  design  includes  an  insert  which  is  4.40  inches  long.  The  figure  also  shows  an  insert  which  is  extended 
forward  and  aft  of  the  baseline  length.  Residual  stresses  for  larger  inserts  were  determined  through  analysis  since 
erosion  and/or  thermal  effects  may  indicate  that  inserts  which  extend  over  a larger  area  ratio  range  could  be 
beneficial. 


The  analysis  approach  included  the  following  activities: 

a.  Determine  an  erosion  profile  for  the  nozzle  contour  for  15,  30  and  60  seconds  with 
upstream  and  downstream  components  consisting  of  ATJ.  PG/SiC.  carbon/carbon  and 
a-b  plane  pyrolytic  graphite  materials. 


b.  Perform  detailed  thermal  analysis  using  each  of  several  thermal  boundary  conditions  to 
be  defined  later. 


e.  Perform  detailed  in-depth  conduction  and  erosion  analyses  for  single-  and  dual-layer 
designs. 

d.  Perform  residual  stress  calculations  for  the  basic  4.40-inch-long  insert  and  assess  the 
effect  of  extending  the  insert  length. 

e.  Determine  the  effect  of  pyrolytic  graphite  properties  on  the  residual  stress  states. 

f.  Compare  the  residual  stress  calculations  to  residual  stress  lest  results. 

g.  Investigate  existing  failure  criteria  for  applicability  for  the  prediction  of  failure  of 
manufactured  parts. 

h.  Perform  firing  analysis  for  both  a dual-  and  single-layer  design  using  the  most 
appropriate  thermal  boundary  condition.  Determine  the  effect  of  SN  or  CN  material 
properties  on  these  results. 

i.  Calculate  margins  of  safety  for  the  two  design  concepts  using  existing  failure  criteria. 

| 

j.  Perform  a stability  or  “buckling"  analysis  of  the  final  design  based  on  firing 
conditions. 

k.  Investigate  the  effects  of  possible  PG  “reordering”  on  tiring  stresses. 

l.  When  properties  for  actual  pyrolytic  graphite  material  becomes  available,  assess  their 
impact  on  previously  calculated  stress  and  strain  stales. 

The  above  analysis  plan  was  formulated  lo  allow  a detailed  thermostructural  assessment  of  the  a-b  plane 
insert  concept.  It  also  includes  a number  of  studies  so  that  the  effects  of  essential  parameters  could  be  available  to 
establish  a rationale  for  the  final  design.  The  comparison  of  residual  stress  predictions  with  a limited  number  of 
residual  stress  test  results  and  the  success  or  failure  of  manufactured  parts  allows  an  assessment  of  the  analysis 
techniques.  Finally,  the  approach  included  the  determination  of  some  representative  properties  for  the  actual 
pyrolytic  graphite  material  so  that  the  effects  of  these  properties  on  the  analysis  results  can  be  quantized. 


42 


6.2  Thermal  — Erosion  Studies 

6.2.1  Analysis  Techniques 

The  thermal-erosion  prediction  techniques  used  in  the  following  analyses  can  be  summarized  bv  the  tlow 
chart  shown  in  Figure  17.  The  specific  areas  shown  in  the  chart  are  a flow  field  analysis,  boundary  layer  and  heal 
(mass)  transfer  coefficient  analysis,  determination  of  radiation  heat  fluxes,  surface  thermochemistry  analysis,  and  an 
in-depth  conduction  analysis. 

The  flow  field  analysis  is  performed  by  using  the  Atlantic  Research  in-house  Transport  Properties 
Program.  The  essential  output  is  Mach  number  versus  nozzle  station. 

The  next  step  is  to  determine  a boundary  layer  solution  for  evaluating  the  heat  transfer  coefficient 
distribution  throughout  the  nozzle.  The  analysis  is  performed  using  the  TBL  computer  program  (momentum  integral 
technique)  defined  in  Reference  19. 

Tire  radiation  heat  input  is  in  the  form  of  a single  gas  emissivity.  The  method  of  obtaining  the  total 
emissivity  of  an  aluminum  oxide  particle  cloud  is  described  in  Reference  20.  which  reports  the  work  performed  by 
Price  of  Philco-Ford.  Basically,  the  emissivity  is  shown  to  be  a function  of  the  amount  of  aluminum  oxide,  the  gas 
molecular  weight,  gas  temperature,  and  the  local  diameter. 

The  GASKET  computer  code.  Reference  21,  is  used  to  provide  the  necessary  thermochemistry  and  is  a 
program  in  which  the  chemical  reaction  rate  for  CO->,  H->0,  and  II-,  combining  with  the  surface  carbon  are 
kmcncally  controlled.  The  dimensionless  mass  removal  rate  for  carbon  materials  is  obtained  as  a tunction  of 
temperature  from  the  input  of  propellant  exhaust  specie  data.  This  program  provides  the  necessary  input  for  the  two 
dimensional  erosion  computer  code,  ASTHMA  3,  Reference  22. 

Briefly.  ASTHMA  3 is  an  axisymmctric  transient  heating  and  materials  ablation  program.  It  solves  lor 
the  thermal  response  of  two-dimensional  shapes  including  variations  m local  surface  regression. 

The  above  methodology  and  technical  approach  has  given  meaningful  thermal  results  for  use  in  the 
ensuing  thermal-structural  analyses. 

6.2.2  Thermal  Properties 

A thorough  discussion  and  presentation  of  pyrolytic  graphite  properties  arc  presented  in  Section  5.0.  In 
this  section,  the  thermal  properties  for  PG/'SiC  and  ATJ  graphite  used  to  analyze  upstream  and  downstream  nozzle 
components  arc  presented. 
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In  Depth  Thermal 
Profile  Histories  and 
Surface  Recession  Rates 


The  thermal  properties  for  the  PG/SiC  material  are  shown  in  Figures  18  ami  19. 


The  thermal  conductivity  in  the  c direction  is  shown  in  Figure  18  versus  temperature  and  SiC  content, 
liiis  parameter  has  been  defined  by  using  the  TRW  thermal  stress  testing  data.  Thermocouple  data  was  obtained  lor 
coatings  having  6,  0 and  15  percent  SiC.  An  inverse  thermal  analysis  was  used  to  predict  the  thermal  conductivity 
based  on  the  thermal  gradients  which  existed  in  the  coating.  This  technique  is  described  in  Reference  25.  Hence  the 
c direction  thermal  conductivity  has  good  experimental  validation.  The  thermal  conductivity  in  the  a-b  direction  is 
shown  in  Figure  19.  The  specific  heat  was  taken  to  be  similar  to  that  lor  pure  P(>.  The  density  was  based  on  the 
lollowmg  formula  as  a function  of  SiC  content. 


^coating 


= t 


Ppc; 

^ % SiC 


where 

PpC  = 2.14  g/cc 

\p  = 500  (Experimental  Coefficient) 

flic  above  formula  has  been  validated  by  ashing  techniques  over  the  range  of  10  to  50  percent  SiC.  It  was  assumed 
that  variations  in  density  with  temperature  are  small. 

Figures  20  through  22  show  the  thermal  properties  used  for  ATJ  graphite.  The  with-  and  across-grain 
thermal  conductivities  arc  shown  in  Figures  20  and  21.  The  specific  heat  versus  temperature  is  shown  in  f igure  22. 

6.2.5  Boundary  Conditions 

To  perform  the  in-depth  thermal  analysis,  the  boundary  conditions  must  be  stipulated.  These  boundary 
conditions  include  convective  heat  transfer  coefficient,  radiation  flux,  surface  thermochemistry,  and  boundary 
conditions  between  individual  nozzle  components.  The  calculation  of  transfer  coetlicients  are  presented  in  Section 
()J.4. 

For  the  radiation  boundary  condition,  a gray  body  model  was  used.  The  radiation  flux  is  then  given  by 

^rad  = fsoTs4-ewaTw4 


where 

es  = stream  cmissivity 
ew  = wa"  cmissivity 
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THERMAL  CONDUCTIVITY  {Btu/hr/ft*f  F/in) 


THERMAL  CONDUCTIVITY  (Blu/hr/ft^F/m) 


SPECIFIC  HEAT  (Btu/tb  F) 
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a = Stcfan-Boltzman  constant 

Ts  = Free-stream  temperature 
Tw  = Wall  temperature 

The  particle  laden  stream  emissivity  is  determined  using  the  work  of  Price  J-**l 

Three  geometric  boundary  conditions  were  studied  to  determine  their  influence  on  the  resulting  thermal 
gradients.  Figure  23  shows  graphically  these  boundary  conditions.  Figure  23A  shows  the  insert  onlv.  Model  10. 
where  the  influence  of  upstream  and  downstream  components  are  not  included  in  the  model;  and.  hence,  no  axial 
conduction  from  these  components  is  considered. 

The  nozzle  assembly  model,  NA,  is  shown  in  Figure  23B.  This  model  includes  upstream  and  downstream 
components  and  axial  conduction  from  these  components  are  included. 

Figure  23C  shows  the  nozzle  assembly  model  with  a front  face  step  due  to  the  erosion  of  the  upstream 
component  (NAFF).  Each  of  these  models  wili  be  analyzed  in  the  thermal  analysis  section. 

The  surface  thermochemistry  analysis  was  performed  using  the  Graphite  Surface  Kinetics  (GASKET) 
computer  program.  The  propellant  formulation  used  for  these  studies  was  the  11TPB  ll>0  percent  solids.  18  percent 
All  propellant.  The  chamber  pressure  was  taken  to  be  1 .000  psi. 

Figure  24  shows  the  basic  nozzle  contour  and  the  area  ratios  where  analyses  were  performed.  The 
upstream  and  downstream  components  were  assumed  to  be  either  a-b  plane  PG.  ATJ  graphite.  PG/SiC  coating  or 
earbon/carbon  material.  Table  9 shows  the  matrix  ot  GASKET  runs  performed.  Also  shown  is  the  area  ratio.  Mach 
number,  and  mass  transfer  equation  used  in  the  analysis.  The  built-in  kinetic  rates  in  the  GASKET  Program  were 
used  in  the  analysis.  For  ATJ.  bulk  graphite  kinetic  rates  were  used.  For  the  a-b  plane  pyrolytic  graphite  and  PG/SiC 
materials,  the  layered  and  edge  kinetic  rates  were  used,  respectively.  Although  additional  work  on  kinetic  rates  for 
the  PG/SiC  material  was  being  performed  at  Acrotherm.  this  work  was  not  available  at  the  time  of  these  studies. 
Based  on  the  success  in  predicting  erosion  using  pyrolytic  graphite  edge  kinetics  in  the  Atlantic  Research  Scale-Up 
Program. I'  ' ■ . the  pyrolytic  graphite  edge  kinetics  were  used  in  the  following  analysis. 

Figures  25  through  27  show  the  nondinicnsionalized  erosion  versus  temperature  at  an  area  ratio  ol  1.267 
toi  the  three  sets  ol  kinetic  constants.  These  curves  represent  typical  results  obtained. 

6.2  4 Flow  Field  and  Boundary  Layer  Analysis 

To  perform  the  flow  field  analysis,  the  Atlantic  Research  Transport  Properties  computer  code  was  used. 
The  program  calculates  individual  specie  and  gas  composition  properties  based  on  statistical  mechanics.  Also  output 
is  the  pressure,  temperature,  and  velocity  parameters  as  a function  of  nozzle  area  ratio.  The  Turbulent  Boundars 
layer  computer  code J ' I is  used  to  perform  a boundary  layer  analysis.  Basic  inputs  into  the  program  arc  nozzle 
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c.  Nozzle  Assembly  with  Front  Edge  Heating  (NAFE) 


Figure  23.  Thermal  Boundary  Condition  Model  Geometries. 
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TABLE  9.  GASKET  RUN  MATRIX. 


Area  ratio 
A/A* 

Mach 

no. 

ch 

Ib/ft^-sec 

•2.405 

0.257 

0.822 

-1.386 

0.488 

1.219 

1.00 

1.00 

1.4567 

1.04 

1.212 

1.346 

1.267 

1.552 

1.052 

ATJ 

PG 

PG/SiC 

Bulk 

Layered 

Edge 

kinetics 

kinetics 

kinetics 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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initial  geometry,  Mach  number  versus  nozzle  length,  and  composite  gas  properties.  The  starting  point  for  the 
boundary  layer  analysis  is  the  nose  of  the  submerged  nozzle.  A wall  temperature  of  5,700°F  was  used  in  the  analysis 
and  was  based  on  estimations  from  previous  analyses.  The  results  of  the  boundary  layer  analysis  are  shown  in  Figure 
28.  The  heat  transfer  coefficient  versus  nozzle  area  ratio  are  shown  in  this  figure.  As  shown,  the  maximum  value  for 
the  coefficient  is  1 .46  lbm/it*  - sec  occurring  slightly  upstream  of  the  throat.  The  mass  transfer  coefficient  used  in 
the  GASKET  runs  were  obtained  by  multiplying  the  heat  transfer  coefficient  times  the  Lewis  Number  to  the 
two-thirds  power.  The  heat  transfer  coefficients  shown  in  Figure  28  were  used  for  all  of  the  detailed  thermal-erosion 
analyses  that  follow. 

6.2.5  Thermal  Analysis  Results 

Using  the  results  from  the  boundary  condition  analyses,  specifically  the  thermochemistry  results  from 
GASKET,  the  heat  transfer  coefficients,  and  the  radiative  heat  flux,  a series  of  one-dimensional  runs  were  performed 
to  determine  erosion  profiles  along  the  internal  surface  of  the  nozzle.  Figures  2d  through  51  show  the  erosion  profile 
predictions.  Figure  29  shows  the  total  erosion  for  firing  times  of  5.  15,  50  and  60  seconds  for  a nozzle  with  ATJ 
graphite  upstream  and  downstream  components.  The  same  results  for  a nozzle  with  PG/SiC  coated  components  are 
shown  in  Figure  50.  The  results  indicate  that  both  ATJ  and  PG/SiC  coaled  components  could  be  used  for  the 
upstream  and  downstream  components  for  a 15-second  nozzle  firing.  However,  the  total  erosion  for  ATJ 
components  would  be  too  great  for  a 50-  or  60-second  firing.  A PG/SiC  coating  appears  to  be  acceptable  for  a 
50-second  firing.  At  60  seconds  a large  amount  of  the  forward  end  of  the  a-b  plane  dual  layer  would  be  exposed  to 
the  gases  but  the  substrate  material  would  not  be  exposed  to  the  gases.  The  predictions  for  PG/SiC  coatings  are  made 
using  the  pyrolytic  graphite  edge  kinetic  rates  built  into  the  program  which  in  the  past  have  provided  reasonable 
predictions  of  erosion  for  a 1 5 percent  SiC  coating. 

Figure  31  shows  the  results  for  a high  density  carbon-carbon  ( 1 .9  gm/cnr  1.  Bulk  graphite  kinetic  rates 
and  the  1 .9  g/cc  density  were  used  for  the  predictions.  Since  density  is  not  the  only  parameter  influencing  erosion  in 
carbon-carbon,  the  predicted  erosions  may  be  too  high.  Still  the  carbon-carbon  material  appears  to  have  an  erosion 
rate  that  would  expose  the  substrate  of  a dual-layered  design  for  a 60-sccond  firing. 

Figure  32  shows  the  predicted  erosion  for  the  a-b  plane  pyrolytic  graphite  insert.  The  erosion  at  the 
throat  is  predicted  to  be  39  mils  for  a 60-second  firing. 

All  of  the  erosion  profiles  presented  were  based  on  the  initial  ratio  which  was  held  constant  as  the 
material  eroded  away.  A study  of  the  ATJ  component  (greatest  increase  in  area  ratio)  was  made  to  evaluate  the 
at  feet  of  the  eroding  surface  by  varying  the  area  ratio  stepwise  with  time.  The  analysis  using  a varying  area  ratio 
predict  a 25  percent  reduction  in  total  erosion  at  60  seconds  over  that  obtained  for  a constant  area  ratio  analysis  at 
the  station  adjacent  to  the  a-b  plane  insert.  Based  on  these  results,  upstream  and  downstream  components  of  ATJ 
graphite  arc  adequate  for  a 15-second  nozzle  firing.  For  the  longer  times,  a PG/SiC  coated  nosecap  and  exit  ring 
would  be  necessary. 
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Figure  31.  Predicted  Erosion  Profiles  for  1.9  g/cc  Carbon/Carbon  Entrance  Cap  and  Exit  Ring. 


The  durability  of  the  noseeap-throat  insert  leading  edge  protector  must  be  considered.  Although  the 
erosion  predictions  presented  are  considered  to  be  conservative,  the  large  difference  between  erosion  resistances  of 
a-b  plane  PC  and  the  next  best  material  presents  a definite  design  problem.  Better  leading  edge  protection  might  be 
obtamed  with  the  PG  washer  approach  used  in  the  Scale-up  Program.  However,  for  a 60-second  test  using  HTPB 
propellant,  the  nosccap  will  ablate  or  erode  excessively,  creating  a potentially  intolerable  tlow  discontinuity.  Based 
on  the  results  of  the  erosion  profile  study,  five  nosecap/leading  edge  protector  concepts  were  considered.  These  are 
shown  in  Figures  33  through  37. 

Figure  33  presents  a schematic  of  an  “ideal”  throat  package  which  utilizes  an  integral  nosecap  and  fully 
extended  throat  section.  This  concept  requires  a split  backup  support  ring;  and,  in  addition,  results  in  the  nosecap 
portion  having  a different  radial  back-up  stiffness  as  compared  to  the  throat  region  which  is  contained  by  the  steel 
housing.  This  concept  is  probably  impractical  from  the  current  state-of-the-art  of  PC',  processing  when  considering 
the  problems  of  uniform  deposition  rate  and  microstructure. 

The  second  concept  shown  in  Figure  34  utilizes  a separate  PG  nosecap  which  tends  to  eliminate  the 
differential  stiffness  problem.  In  addition,  a silicon  carbide  exit  insert  is  used  so  that  the  support  structure  c3n  be 
slipped  onto  the  free-standing  PG  shells.  This  concept  is  “more  producible”  than  the  ideal  concept.  However,  there  is 
a large  risk  factor  in  the  design  and  analysis  required  to  assure  primary  success  of  the  nosecap. 

Figures  35  and  36  present  two  concepts  which  utilize  PG/SiC  nosecaps.  The  only  difference  in  these 
concepts  is  that  one  utilizes  a PG  washer  to  provide  leading  edge  protection  assuming  superior  erosion  resistance  over 
the  coating.  Three  options  of  coating  makeup  are  shown. 

Tire  first  is  a 10  percent  by  weight  SiC  content  homogeneous  coating.  A lower  SiC  content  lsdesuable 
but  probably  not  practical  from  a structural  integrity  standpoint.  With  this  in  mind  the  other  options  consider 
graded  coatings.  The  second  option  grades  from  15  to  5 percent  SiC  which  is  an  approach  which  should  ensure  the 
standard  needle-like  SiC  structure  throughout  the  coating.  The  third  option  grades  from  15  w/o  percent  to  0 w/o 
percent  SiC  continuing  with  a finite  thickness  of  unalloyed  PG.  A thermal  stress  specimen  similar  to  this  has  been 
successfully  tested  by  TRW. 

Figure  37  shows  the  fifth  concept  evaluated.  This  approach  again  utilizes  a PG  washer.  However,  a 
carbon/carbon  nosecap  is  considered  in  place  of  a coating.  As  in  concept  No.  4,  the  PG  washer  is  assumed  to  be  more 
erosion  resistant  than  the  high  density  carbon/carbons  currently  available. 

Concept  No.  3,  as  shown  in  Figure  35,  was  selected  as  the  preferred  approach  with  the  options 
considered  for  coating  makeup  an  erosion  rate  of  5 mils/second  is  considered  feasible.  Hence,  this  value  for  erosion 
will  be  used  in  the  ensuing  detailed  analysis  for  PG/SiC  coating.  As  stated  earlier,  lest  results  for  a 15-second  firing 
using  a PG/SiC  coated  nosecap  will  be  used  to  decide  upon  a final  coating  configuration. 

Calculations  were  performed  to  determine  the  sensitivity  of  the  predicted  thermal  gradients  to  a 35 
percent  increase  and  decrease  in  (he  heat  transfer  coefficients.  Figure  38  shows  the  thermal  gradients  obtained  for 
each  case.  As  shown,  little  difference  in  the  gradients  exists,  and  the  study  indicates  an  insignificant  affect  on  the 
analysis  results. 
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Figure  34.  PG  Insert  with  Separate  PG  Nose  Cap. 


Washer  and  PG/SiC  Nose  Cap. 


Washer  and  Carbon/Carbon  Nose  Cap. 


TEMPERATURE 


TEMPERATURE 


Once  the  design  configurations  were  selected,  detailed  thermal  analyses  were  performed  to  define  the 
thermal  gradients  for  use  in  the  structural  analyses.  As  discussed  earlier,  three  thermal  analysis  models  were  studied 
to  determine  their  effects  on  the  resulting  thermal  gradients.  These  were  as  follows: 

a.  10  — Insert  Only 

b.  NA  - Nozzle  Assembly 

c.  NAFE  - Nozzle  Assembly  with  Front  F.dge  Healing 

The  model  which  best  represents  the  actual  conditions  during  a nozzle  firing  is  the  NAFE  model. 
However,  the  complexity  and  cost  of  such  an  analysis  is  much  greater  than  that  for  t!i'  'O  model.  The  above  factors 
(cost  and  complexity)  apply  not  only  for  the  thermal  analysis  but  also  for  the  ensuing  s..uc\ural  analyses.  Therefore, 
a thermal  analysis  study  was  performed  to  determine  the  relative  effects  of  each  model  on  the  predicted  temperature 
distributions. 

Before  presenting  the  results  of  the  analysis,  a discussion  of  the  technique  used  to  perform  the  analysis 
for  front  edge  heating  is  given.  For  this  analysis,  a special  model  of  the  region  in  question  was  created  to  overcome  a 
restriction  of  the  ASTHMA  computer  code.  The  restriction  is  that  for  an  eroding  inner  surface,  the  second  node 
from  the  surface  cannot  be  heated  in  a back  face  or  sidewall  mode.  Hence,  a nodal  network  was  devised  to  overcome 
this  restriction  and  is  shown  below. 


► Gas  Flow 

Sides  1 and  2 were  not  heated  from  the  forward  face.  Side  I represents  a depth  equal  to  the  total  erosion 
predicted.  Side  2 is  only  0.005  inch  wide  and  is  also  modeled  to  accept  the  restriction  that  the  second  node  could 
not  be  heated.  Sides  3.  4 and  5 were  heated  by  the  use  of  heat  transfer  coefficient  and  temperature  source  boundary 
conditions.  The  heat  transfer  coefficient  was  varied  as  a function  of  time,  being  approximately  zero  until  the  face 
was  initially  exposed,  increasing  linearly  until  the  face  was  completely  exposed  and  then  remaining  constant  after 
that.  Other  assumptions  for  the  variation  of  heat  transfer  coefficient  could  be  made.  For  instance,  an  increase  in  heat 
transfer  coefficient  with  increased  erosion  and  hence  greater  depth  of  mismatch.  In  addition,  if  a greater  number  of 
nodes  were  used,  a better  time  dependence  of  heating  could  be  effected. 
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An  attempt  was  made  to  account  for  front  edge  heating  of  the  insert.  Other  more  sophisticated  methods 
could  be  used;  however,  with  the  uncertainties  involved,  the  degree  of  improvement  in  accuracy  would  probably  not 
be  determinate.  No  attempt  was  made  to  enforce  conduction  from  the  entrance  cap;  however,  this  assumption  is 
considered  to  be  valid  since  a gap  and  filler  will  be  required  to  account  for  axial  expansion  between  the  two 
components. 

A review  of  related  literature  indicates  that,  in  subsonic  regions,  local  heat  transfer  coefficients  may  be 
increased  by  a factor  of  4 to  6 due  to  local  “tripping”  of  the  boundary  layer. 1^1  Hence,  analyses  were  performed 
with  an  amplification  of  the  local  heat  transfer  coefficient  of  1.5  and  6.0.  Figure  39  shows  the  comparison  of  the 
two  analyses.  The  temperature  versus  distance  from  the  forward  end  at  the  backside  node  and  one  node  from  the 
backside  of  the  PC  layer  is  shown  at  30  and  60  seconds.  The  solid  line  represents  the  results  of  the  analysis  for  a heat 
transfer  coefficient  (HTC)  multiplied  by  6.0  while  the  dashed  line  represents  the  results  using  a 1 .5  factor. 

Except  for  a small  region  at  the  extreme  forward  end  of  the  insert,  little  increase  in  temperature  results 
from  the  higher  HTC.  So  that  even  though  the  real  increase  in  HTC  may  be  difficult  to  analytically  calculate,  the 
temperature  distribution  is  not  significantly  changed  by  a factor  of  6.0  increase  in  heat  transfer  coefficient. 

The  results  of  the  thermal  analysis  for  the  IO  and  NA  models  are  shown  in  Figures  40  and  4 1 . As  shown, 
the  temperature  distributions  obtained  using  the  two  models  arc  quite  different.  The  figures  show  the  isotherms  that 
exist  at  5 and  15  seconds,  respectively,  for  the  two  models.  When  axial  conduction  of  heat  into  the  insert  from  the 
upstream  and  downstream  components  is  accounted  lor,  the  temperatures  in  the  insert  are  higher  throughout  the 
insert.  Near  the  ends  of  the  insert,  the  increase  in  temperature  with  axial  conduction  is  even  greater.  Figure  41  shows 
the  temperature  reached  as  a function  of  insert  length  at  a distance  0.225  inch  back  from  the  initial  internal  surface 
for  each  of  the  cases.  It  shows  the  effects  of  axial  conduction  on  the  backside  temperature  distribution  of  the  first 
a-b  plane  PC  layer.  The  large  difference  in  temperature  profiles  has  a significant  affect  on  the  resulting  stress  states. 
This  will  be  discussed  in  the  next  section. 

For  the  NAFE  model,  an  analysis  was  performed  that  included  a 15-second  time  duration  with  an  ATJ 
graphite  upstream  component  which  eroded  at  approximately  16  mils/second.  Figures  42  and  43  show  the  isotherms 
that  exist  at  5 and  15  seconds  in  the  PG  insert.  Comparing  these  isotherms  to  those  for  the  10  and  NA  models 
(Figures  39  and  40),  it  may  be  seen  that  a much  higher  axial  gradient  exists  for  the  NAFE  model.  The  higher  axial 
gradients  tend  to  increase  the  shear  stresses  that  are  developed  during  the  firing,  as  will  be  shown  in  the  next  section. 

Based  on  the  results  of  the  thermal  analysis  for  each  of  the  models,  it  was  decided  that  the  NAFE  model 
should  be  used  for  determining  the  temperature  distributions  since  the  distributions  were  significantly  different  with 
this  model,  and  the  model  is  considered  to  be  a more  representative  description.  The  significance  of  model  selection 
is  definitely  established  with  the  ptevious  thermal  analyses.  To  provide  temperature  profiles  for  the  input  to 
structural  analysis,  a detailed  thermal  analysis  was  performed  using  the  NAFE  model.  In  addition  to  the  15-second 
time  duration  analysis,  a second  analysis  using  a 60-second  time  duration  and  a PG/SiC  coated  entrance  cap  was 
performed.  The  PG/SiC  coating  erosion  rate  was  assumed  to  be  5 mils/second.  Figure  44  shows  the  nodal  column 
network  used  for  the  analysis.  Figures  45  through  54  show  the  temperature  distributions  through  the  first  layer  of 
PG  coating  at  times  of  1 , 5 and  15  seconds  at  the  different  axial  stations  defined  in  Figure  1.  ATJ  was  used  for  the 
upstream  component  in  these  calculations.  Figures  55  through  57  show  the  isotherms  for  each  of  the  firing  times. 
The  temperature  distributions  for  the  second  layer  of  PG  vary  insignificantly  except  at  the  ends  and  are  not  shown 
here. 
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Figure  39.  Effect  of  Increase  of  Heat  Transfer  Coefficient  on  Temperatures 
Near  the  Insert  OD. 


Figure  42.  Effects  of  Axial  Conduction  on  Five  and  Fifteen  Second  Temperature  Distributions. 


Figure  43.  Five  Second  Isotherms  in  PG  Insert  Using  NAFE  Thermal  Model. 
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Figure  44.  Fifteen  Second  Isotherms  in  the  PG  Insert  Using  the  NAFE  Thermal  Model. 


Figure  45.  Model  Used  for  Thermal  Analysis  of  PG  Insert. 
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Temperature  Distributions  in  Column  2 for  First 
with  ATJ  Entrance  Cap. 
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Temperature  Distributions  in  Column  6 for  First  Layer  of  PG 
with  ATJ  Entrance  Cap. 
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Figure  56.  Five  Second  Isotherms  in  First  Layer  of  PG  Insert. 


PG  Insert. 


Figures  58  through  67  show  the  distributions  at  15,  50  and  60  seconds  for  the  60-second  firing  analysis 
with  a PG/SiC  coated  entrance  cap.  The  1 and  5-second  temperature  distributions  for  this  case  are  not  significantly 
different  from  those  at  1 and  5 seconds  for  the  ATJ  upstream  component  case.  Figures  68  through  70  show  the 
isotherms  at  15,  30  and  60  seconds.  The  temperature  distributions  shown  here  were  used  in  the  structural  analyses 
that  follow. 

Two  additional  thermal  analyses  were  performed.  These  analyses  used  the  NAFF  model  for  the  1 5- and 
60-second  time  duration.  Figure  71  shows  the  results  of  this  analysis.  The  figure  present  the  backside  temperature 
versus  length  for  a single  PG  layer  and  the  backside  temperature  of  the  first  layer  for  a dual-layer  design.  The  backup 
material  used  for  the  single  layer  design  is  ATJ.  The  results  are  shown  for  15,  30  and  60  seconds  for  the  two 
analyses.  As  can  be  seen,  the  single  layer  backed  by  ATJ  results  in  lower  temperatures  versus  time  than  the  dual 
layer.  This  results  in  less  radial  expansion  and  also  higher  gradients  in  the  insert. 

Also  shown  is  the  backside  temperature  of  the  first  layer  for  a dual-layer  design  at  1 5 seconds  when  ATJ 
components  are  used  up  and  downstream.  The  increased  temperature  over  that  at  15  seconds  with  PG/Si('  up  and 
downstream  is  due  to  the  higher  erosion  of  '.he  ATJ  components. 

The  temperature  distributions  for  the  one  PG  layer  case  are  shown  in  Figures  72  through  81 . Figures  82 
through  84  show  the  isotherms  at  1 5,  30  and  60  seconds  for  the  60-second.  PG/SiG  coated  component  case. 

6.3  Thermostructural  Studies 

6.3.1  Analytical  Techniques 

In  the  discussion  presented  in  Section  4.0,  there  were  several  areas  with  respect  to  the  analytical 
approaches  and  techniques  which  were  identified  as  being  areas  of  weakness  and  contributing  to  the  lack  of  earlier 
success  in  the  attempts  to  design,  build,  and  fire  PG  nozzle  throat  inserts.  Therefore,  in  the  present  approach,  an 
effort  was  made  to  address  those  specific  areas  of  the  analysis  and  design  in  a manner  more  consistent  with  the 
actual  behavior  of  the  PG  material.  Included  in  this  were  not  only  the  consideration  of  stresses  and  strains  calculated 
using  nonlinear  techniques,  but  also  consideration  of  the  important  question  of  failure  and  failure  criteria. 

The  SAAS  III  computer  program  developed  by  Crose  and  Jonesl  '^1  was  the  principal  analysis  tool  for 
calculating  the  stresses  and  strains.  The  SAAS  III  program  is  a well-known  stress  code  and  a detailed  description  is 
not  considered  necessary  at  this  time.  It  is  perhaps  of  interest  to  note  that  the  code,  like  all  codes,  dries  have  certain 
limitations  which  may  or  may  not  be  significant.  The  SAAS  III  program  treats  nonlinearity  in  a bilinear  elastic- 
manner.  As  such,  no  means  of  accounting  for  different  loading  paths  and  any  resulting  effects  is  possible.  Also,  no 
means  is  available  to  treat  effects  of  loading  and  unloading  such  as  occur  in  PG  from  deposition  to  cooldown  to 
nozzle  firing. 

Techniques  other  than  the  SAAS  111  code  were  used  where  required.  The  TKXGAP  computer  code  has 
already  been  mentioned  in  reference  to  the  mechanical  properties  testing  in  Section  5.2.3.  The  treatment  of  buckling 
presented  later  in  Section  6.3.5  used  standard  closed  form  techniques. 
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Temperature  Distributions  in  Column  2 for  the  First  Layer  of  PG 
Insert  with  PG/SiC  Entrance  Cap. 
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Figure  75.  Comparisons  of  the  Temperature  Distributions  in  Colum 
Single  and  Dual  Layer  PG  Insert. 
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Figure  78.  Comparisons  of  the  Temperature  Distributions  in  Column  7 for 
Single  and  Dual  Layer  PG  Insert. 
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Comparisons  of  the  Temperature  Distributions  in  Column  8 for 
Single  and  Dual  Layer  PG  Insert. 


115 


116 


Second  Iso 


6.4.2 


Failure  Criteria 


Professor  D.C.  Drucker  has  stated,  "If  the  understanding  of  fracture  means  a detailed  description  of  the 
position  of  all  key  atoms  at  all  stages  leading  to  the  complete  separation  of  material,  the  atomistic  point  of  view  is 
the  only  one  permissible."  Me  continues  on,  however,  and  states,  “If  understanding  means  prediction  of  the  behavior 
of  the  material,  the  situation  is  debatable." 

The  point  which  is  made  here  is  that  when  approaching  the  question  of  failure,  it  must  be  made  clearly 
understood  what  the  objectives  are.  In  the  present  case,  the  purpose  of  a failure  criteria  is  to  be  able  to  predict  the 
onset  of  material  fracture  and,  with  this  prediction,  to  design  a structural  component  to  adequately  withstand  the 
environmental  loads.  With  our  present  knowledge  of  material  fracture  (even  with  the  enormous  literature  on  fracture 
mechanics  and  microscopic  approaches  to  fracture),  the  phenomenological  approach,  which  requires  the  minimum 
amount  of  information,  is  the  most  practical  approach  to  realistically  predicting  the  adequacy  of  structures  It  is 
important  to  rccogni/e  that  the  phenomenological  mathematical  model,  as  stated  by  Wul’-'l  “is  intended  to  aid 
experimental  design,  to  facilitate  interpolation,  correlation,  and  retrieval  of  experimental  observations:  it  is  not 
intended  for  extrapolation  and  interpretation  of  mechanisms  of  failure.’’ 

rite  assumption  here  is  that  fracture  occurs  when  the  flow  curve,  or  its  generalization  in  more  than  one 
dimension,  intersects  the  corresponding  fracture  curve.  Hence,  both  knowledge  of  the  stress  and  strain  states  along 
with  the  fracture  curve  arc  required.  Nonlinear  analysis  techniques  provide  the  overall  stress  and  strain  states  while 
the  fracture  curve  must  be  defined  by  a series  of  multi  axial  laboratory  tests. 

The  definition  of  the  fracture  surface  in  three-dimensional  space  has  been  defined  for  only  a very  limited 
number  of  materials.  The  reason  for  this  is  the  difficulty  of  the  testing  and  even  the  absence  of  well-defined  test 
techniques. 


Since  this  data  is  not  available,  purely  analytical  approaches  to  predicting  the  fracture  curve  have  been 
proposed  which  require  a minimum  of  test  data.  Even  with  these  criteria,  some  of  the  properties  have  not  been 
obtained,  so  that  additional  assumptions  based  on  experience  are  required. 

Therefore,  while  the  validity  or  accuracy  of  the  criteria  cannot  be  proven,  there  exists  sufficient  data  to 
suggest  that  fracture  of  these  materials  is  dependent  upon  the  entire  stress  state  and  that  a uniaxial  criteria  is  not 
sufficient. 


In  this  progiarn,  existing  failure  theories  were  reviewed.  Some  of  these  theories  were  then  programmed 
to  provide  factors  of  salety.  Assumptions  were  made,  where  required,  for  certain  inherent  material  strength 
properties  which  were  not  available,  and  the  results  obtained  can  be  used  to  neither  justify  nor  eliminate  a theory. 
I'lus  can  only  be  done  by  tests  on  the  specific  materials.  The  safety  factors  obtained  provide  guidelines  for  assessing 
the  adequacy  of  the  stiiiclure  under  investigation. 

The  following  theories  were  studied  in  this  program: 
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a.  Minimum  uniaxial  stress  ratio 

b.  Puppo  and  Evensenl-*'! 

c.  Interaction  theory 

d.  Tsai-Wu  theory  1^1 

e.  Priddy  theory  I 

The  Puppo  and  Evensen  theory  was  considered  as  three  distinct  criteria  since  the  equations  have  not 
been  extended  to  three-dimensional  space.  The  results  for  PG  were  very  eratic  and  possibly  were  due  to  a violation 
of  certain  stability  conditions  on  the  magnitude  of  the  interaction  terms.  The  causes  of  this  instability  was  not 
pursued  in  this  program,  and  no  further  consideration  is  given  here. 

The  Tsai-Wu  theory  criteria  assumes  that  there  exists  a failure  surface  expressible  in  the  following  form. 

Fj  Oj  + Fj;  0j  0j  = I 


where 

Fi  = l/oTi-  l/oCj 

\ interaction  terms  obtained  from  multiaxial  or  off-axis  test  results  for  i ¥=) 

11  ^1/o  Ti°Cjfori=j 

o-p  = uniaxial  tensile  or  shear  strength 

ar  = uniaxial  compressive  or  shear  strength. 

N 

Because  the  data  necessary  to  determine  the  interaction  terms  Fjj  have  not  been  obtained,  it  was  necessary  to  make 
certain  assumptions.  Conditions  of  stability  require  that  the  inequality 

Fjj  Fjj  - Fjj- >0:  i &j  not  summed. 

be  satisfied  for  the  constants  Fjj  entering  the  equation.  It  ".as  assumed,  therefore,  that 

Fjj“  = Fjj  Fjj  : i & j not  summed. 

Ir  must  he  emphasized  that  this  is  merely  an  assumption  about  the  interaction  and  that  experimental  results  are 
required  to  determine  the  actual  value.  It  is  apparent  that  either  a positive  value  or  a negative  value  for  F,j  will  be 
satisfied  by  the  above  equation.  The  effect  of  both  positive  and  negative  values  were  considered,  with  minimum 
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factors  of  safety  being  produced  by  positive  values.  The  fracture  theory  of  Priddy  is  similar  to  the  Tsai-Wu  theory 
except  that  it  allows  the  interaction  terms  tor  tension-tension  and  compression-compressions  interactions  to  be 
independent  of  each  other. 1 The  theory  assumes  failure  to  be  describable  as  follows. 

FiVFijai  VFijk0i°j°k  = 1 

As  can  he  seen,  a cubic  term  is  added  in  the  Priddy  theory.  However,  additional  data  are  required  over  that  lor  the 
Tsai-Wu  theory.  For  the  studies  here  die  following  assumptions  were  made: 

a.  The  ratio  ol  biaxial  compressive  strength  to  uniaxial  compressive  strength  was 
taken  to  be  I . 

b.  The  triaxial  tensile  strength  factor  was  taken  to  be  equal  to  the  biaxial  strength 
factor. 

Both  of  the  above  assumptions  are  thought  to  be  reasonable  in  light  of  limited  test  data  on  other  brittle 
materials.  With  the  above  assumptions  and  the  six  biaxial  normal  stress  conditions,  all  of  the  terms  in  the  theory 
were  then  calculated. 

The  following  equations  for  the  “interaction  theory"  are  presented  to  show  that  the  interaction  terms  in 
this  theory  are  assumed  to  be  a function  of  the  uniaxial  strengths  only. 


'The  publication  by  F.M  Wiil~'<i  I has  considered  the  question  of  representation  of  failure  from  the 
general  point  of  view  of  tensor  polynomials  and  therefore  includes  as  special  cases  most  of  the 
theories  considered  here. 
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where 


Oj  = applied  stress  in  the  ith  direction 

Tj  = strengths  in  the  ith  direction 

A point  to  be  noted  in  the  interaction  theory  is  that  since  only  uniaxial  tension,  compression,  and  shear 
strengths  appear  in  the  equations,  there  is  no  requirement  for  assumptions  about  biaxiality.  This  does  not  mean  that 
the  representation  of  failure  of  materials  is  arty  more  or  less  reliable  than  other  theories  used. 

Each  of  the  failure  theories  were  programmed  and  were  used  in  conjunction  with  the  SAAS  111  stress 
program  to  calculate  a safety  factor  for  each  of  the  elements  in  the  component  being  analyzed.  The  results  of  these 
calculations  are  presented  in  the  following  sections. 

6.3.3  Residual  Stresses 

The  design  and  analysis  of  all  P(;  components  must  be  concerned  not  only  with  the  thermal  and 
mechanical  loads  imposed  by  the  application  duty  cycle,  but  with  residual  stresses  that  exist  in  the  material  in  the 
absence  of  any  applied  loads.  In  closed  shapes  such  as  the  nozzle  throat  inserts  of  Figures  2.  3,  and  4,  the  residual 
stresses  may  be  on  the  same  order  of  magnitude  as  the  firing  stresses.  The  residual  stresses  may  be  due  to  several 
factors.  These  are  as  follows: 

a.  Anisotropic  material  properties 

b.  Nonhomogeneity  in  microstructure 

c.  “Growth  stress"  effects  due  to  thermal  instability  of  the  material  structure 

d.  Effect  of  substrate  or  mandrel  stiffness  and  thermal  expansion  characteristics. 

The  largest  factor  causing  the  residual  stresses  in  closed  shapes  is  the  anisotropic  material  properties 
together  with  the  change  from  the  deposition  temperature  (4.000°F)  to  room  temperature.  The  other  factors  listed 
can,  according  to  the  results  of  earlier  studies,  1^®)  be  significant  and  should  therefore  be  considered. 
Unfortunately,  the  effects  of  these  other  factors  have  been  quantitatively  evaluated  for  only  a limited  number  of 
cases,  and  no  general  procedure  exists  to  treat  the  effects  analytically. 

The  approach  taken  here  was  to  evaluate  the  residual  stresses  assuming  that  the  residuel  stress  resulting 
Irom  effects  other  than  anisotropy  could  be  ignored.  The  validity  of  this  assumption  was  then  checked  using  results 
ol  strain  gage  measurements  in  residual  stress  tests  and  by  correlation  with  manufactured  parts.  For  reasons  of  this 
assumption  and  for  other  reasons  as  well,  an  objective  of  the  deposition  effects  was  to  obtain  a homogeneous 
microstructure.  Also  studies  performed  and  reported  in  Reference  30  indicate  that  growth  stress  effects  are  minimal 
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when  a frangible  mandrel  is  used  and  breaks  away  during  the  cooldown  process.  The  major  unknown  was  then  the 
exact  microstructure  that  would  be  obtained  by  Pfizer  for  their  pyrolytic  graphite  material.  Two  extremes  were 
considered  in  the  preliminary  residual  stress  calculations.  These  were  the  microstructures  obtained  from  a 
continuously  nucleated  and  a substrate  nucleated  deposition  process.  Material  properties,  such  as  modulus  and 
thermal  expansion,  were  used  in  the  studies  that  were  considered  representative  of  each  of  these  PG  types  for 
calculating  the  residual  stresses.  The  purpose  of  these  preliminary  studies  was  to  define  a reasonable  bound  on  the 
thickness-to-radius  ratio  for  both  a CN  and  SN  type  pyrolytic  graphite  closed  shape  representative  of  an  a-b  plane 
nozzle  insert.  These  thicknesses  were  to  be  used  as  a guideline  for  beginning  the  deposition  studies.  In  addition  to 
determining  the  stress  state,  a realistic  failure  criteria  needed  to  be  used  for  predicting  the  allowable  thicknesses. 

Based  upon  the  data  presented  in  Section  5.0,  two  sets  of  strength  properties  were  considered.  The  first 
set  of  strength  properties  was  based  on  average  properties  found  in  the  literature  for  CN-  and  SN-type  PG.  The 
second  set,  in  an  effort  to  be  as  conservative  as  possible,  was  based  on  minimum  strength  properties  reported 
irrespective  of  the  test  method  or  the  material  microstructure. 

The  failure  theories  discussed  in  Section  6.3.2  were  used  in  conjunction  with  the  two  sets  of  strength 
properties  to  define  a failure  envelope.  Once  material  properties  for  the  particular  PG  material  manufactured  by 
Pfizer  became  available,  a reanalysis  of  the  residual  stress  state  was  performed.  Limited  residual  stress  tests  using 
strain  gages  were  also  performed.  The  interaction  of  stress  states,  strength  properties,  and  failure  theories  were  then 
evaluated  based  on  the  results  obtained  for  the  actual  manufactured  parts. 

6.3.3. 1 Effects  of  Insert  Length  and  Shape 

The  baseline  a-b  plane  insert  design  was  taken  to  be  a 7.0-inch-diameter  throat  insert  4.40  inches  long 
and  0.30  inch  thick.  The  residual  stresses  in  PG  are  very  much  dependent  upon  the  shape  of  the  part.  Since  insert 
designs  which  were  longer  than  the  baseline  design  were  considered,  residual  stresses  due  to  cooldown  were 
determined  to  obtain  the  influence  of  the  added  length.  Similarly,  the  possibility  of  using  PG  for  the  entrance  cap 
offered  definite  advantages  over  materials.  The  residual  stresses  due  to  cooldown  for  entrance  cap  shapes  were 
calculated  to  determine  the  effects  of  curvature. 

Specifically  the  following  cases  were  analyzed: 

a.  4.40-inch-long  dual-layered  insert 

b.  7.55-inch-long  dual-layered  insert 

c.  Complete  length  PG  shape  which  includes  the  entrance  cap,  insert,  and  exit  piece  all  in 
one  PG  shape 

d.  An  entrance  cap  constructed  of  free-standing  pyrolytic  graphite. 
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Figure  85  shows  the  typical  finite  element  nodal  network  used  Cor  the  analysis.  Included  in  the  model  is  a special 
node  located  between  the  two  layers  which  does  not  transfer  loads.  The  reference  temperature  used  for  the  analvsis 
is  4,000°l\ 


The  4.40-  and  7.55-inch  long  configurations  were  analyzed  using  both  C'N  and  SN  properties.  The 
entrance  cap  and  complete  length  configurations  were  analyzed  for  CN  material  only. 

For  all  the  analyses,  the  inner  layer  exhibited  the  higher  stresses  although  the  outer  layer  had  stress  levels 
very  similar  to  the  inner  layer. 

The  results  ot  the  calculations  are  summarized  in  Table  10  which  presents  the  maximum  radial  stress, 
maximum  shear  stress,  and  maximum  tensile  and  compressive  hoop  stresses  which  were  obtained  for  each  of  the 
cases  For  each  of  the  first  two  cases,  namely  the  4.40-inch  insert  and  the  7.55-inch  insert,  lower  residual  stresses  arc 
developed  m the  C'N  material  than  in  the  SN  material.  Increasing  the  length  from  4.40  inches  to  7.55  inches  resulted 
in  lowei  maximum  hoop  tension  and  compression  for  the  C'N  material. 

The  maximum  radial  stress  and  maximum  shear  stress  was  increased.  The  same  effect  is  observed  for  the 
case  of  the  SN  material  with  the  exception  of  the  maximum  hoop  compressive  stresses  which  showed  a very  small 
increase. 


In  the  case  of  the  lull  length  insert,  the  maximum  hoop  tension  and  compression  are  the  same  as  those 
for  the  4.40-inch  insert.  The  maximum  radial  stress  and  maximum  shear  stress  are  less  in  the  full  length  insert. 


In  the  last  case,  entrance  cap  only,  the  maximum  residual  stresses,  with  the  exception  of  the  shear  stress, 
are  the  lowest  of  all  the  cases  considered. 

Therefore,  lor  the  CN  material,  the  increased  length  and  the  entrance  cap  shape,  result  in  similar  or 
lower  residual  stresses  than  the  baseline  4.40-inch  insert,  with  one  exception.  The  maximum  radial  and  the 
maximum  shear  stress  in  the  7.55-inch  insert  are  higher  than  the  baseline  4.40-inch  insert.  On  the  bases  of  the  test 
data  presented  in  Section  5.0,  all  of  these  values  appear  to  fall  within  the  strength  values  for  the  material  listed. 

These  results  indicate  that  on  the  basis  of  residual  stresses,  no  additional  difficulties  would  be 
encountered  by  increasing  the  baseline  4.40-inch  length. 

6.3.3. 2 Insert  Thickness  and  Material  Effects 

As  discussed  earlier,  the  analytical  definition  of  closed  shape  pyrolytic  graphite  component  geometry 
based  on  residual  stress  calculations  is  dependent  on  the  interaction  of  many  parameters.  An  analytical  study  was 
performed  whereby  the  following  parameters  were  evaluated. 

a.  Material  properties  - CN-  and  SN-tvpc  PG  material. 

b.  Component  thickness  - 0.15-inch  to  0.45-inch  thicknesses  for  the  basic  4.40-inch- 
long  insert. 
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TABLE  10.  STRUCTURAL  COOLDOWN  RESULTS. 


Nucleated 

Max.  Stress 

Hoop 

Configuration 

Material 

Radial 

Shear 

Tensile 

Compression 

4.40"  Long 

Substrate 

425 

388 

12500 

9200 

Continuous 

305 

289 

8500 

7200 

7.55"  Long 

Substrate 

699 

625 

10500 

9500 

Continuous 

524 

520 

7500 

6500 

Full  Length 

Continuous 

258 

198 

8500 

7200 

Entrance  Cap  Only 

Continuous 

175 

250 

6500 

4500 

127 


Material  strengths. 


d. 


Failure  criteria. 


The  results  of  the  study  were  used  to  define  a thickness  goal  for  the  basic  4.40-inch-long  insert  assuming  that  the 
material  exhibited  was  either  CN  or  SN  microstructure. 


Figures  86  through  41  show  typical  stress  distributions  that  were  obtained  for  each  of  the  analyses. 
Although  the  magnitudes  of  stress  varied  as  thicknesses  and/or  material  properties  were  varied,  the  following  figures 
show  the  typical  stress  types  and  distributions  obtained.  The  stress  values  are  for  a 0.30-inch-thick  CN-type  material. 
Figure  86  shows  the  axial  (SIGN)  and  hoop  (S1GT)  stresses  at  the  inner  surface  of  the  first  layer.  The  maximum 
tensile  stresses  occur  at  the  inner  surface.  Figure  87  shows  the  radial  (SIGM)  and  shear  (TAUMN)  stresses  at  a point 
close  to  the  middle  of  the  inner  layer.  This  is  where  the  maximum  radial  stress  and  the  maximum  shear  stress  occurs. 
Finally,  Figure  88  shows  the  hoop  and  axial  stresses  at  the  outer  surface.  This  is  the  region  where  the  maximum 
compressive  stresses  occur  in  the  insert. 

It  is  also  of  interest  to  note  that  the  axial  stress  is  of  the  opposite  sign  from  the  hoop  stress  at  the  inner 
and  outer  surfaces.  Although  the  maximum  stress  on  the  OD  of  the  insert  is  compressive  hoop,  the  maximum  tensile 
axial  stress  also  occurs  at  the  OD. 

i 

Figures  89  through  91  show  the  same  results  for  a SN-typc  material.  The  stresses  are  all  higher  for  the 
same  thickness  for  the  SN  material  as  compared  to  the  CN-type  material. 

* 

One  other  point  will  be  made  about  the  stress  fields,  although  it  may  be  obvious.  As  the  thickness  is 
decreased  for  the  same  radius,  the  stresses  are  decreased.  The  effect  of  all  the  parameters  considered  in  the  analysis 
can  best  be  shown  by  the  set  of  plots  presented  in  Figures  92  through  111.  These  plots  show  the  safety  factor 
distribution  at  the  inner  and  outer  surfaces  of  the  insert  as  a function  of  both  insert  thickness  and  the  failure  theory 
used.  The  first  series  of  plots  arc  based  on  minimum  strength  values.  The  second  set  shows  the  effect  of  using  an 
average  set  of  strength  properties  as  obtained  from  the  literature. 

Four  failure  theories  are  presented.  These  are  the  minimum  stress  ratio  (MPFM),  Priddy  (PSFM), 
Tsai-Wu  (TWFM),  and  the  interaction  theory  (ITSFM).  The  letter  M refers  to  minimum  strength  properties  while  the 
letter  A refers  to  average  strength  properties.  Referring  *o  the  figures,  several  trends  about  the  calculated  safety 
factors  may  be  observed. 

First,  the  Tsai-Wu  theory  results  in  the  minimum  safety  factor  for  any  insert  configuration.  The 
minimum  stress  ratio  theory  results  in  the  highest  factor  - the  other  two  theories  being  in  between.  The  use  of  a 
minimum  stress  ratio,  therefore,  results  in  a very  nonconservative  approach  to  predicting  failure.  The  interaction  of 
stresses,  particularly  in  the  tension-compression,  are  shown  to  have  a very  significant  effect.  In  fact  for  a 
0.30-inch-thick  insert,  the  MPFM  factor  is  1.2  while  the  TWFM  is  0.91 . as  shown  in  Figure  93. 

From  Figures  92  through  97  another  significant  result  is  apparent.  The  safety  factor  using  the  TWFM 
theory  is  less  at  the  OD  of  the  insert  than  at  the  ID.  For  a 0.3-inch-thick  insert.  Figure  96,  the  minimum  factor  at 
the  OD  is  0.85  while  at  the  ID  the  factor  is  0.91,  Figure  93.  This  suggests  an  OD  failure  for  the  insert,  and  this  fact 
will  be  discussed  later  in  relation  to  the  manufactured  parts. 
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Figure  86.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the  Insert  for  CN  PG. 
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Figure  91.  Axial  and  Hoop  Stress  Along  the  Outer  Surface  of  the  Insert  for  SN  PG. 
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Figure  92.  Safety  Factors 
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mg  Inner  Surface  for  0.150  inch  Thick  CN  PG. 
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Figure  93.  Safety  Factors  Along  Inner  Surface  for  0.300  inch  Thick  CN  PG. 
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Figure  94.  Safety  Factors  Along  Inner  Surface  for  0.45  inch  Thick  CN  PG. 
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Figure  96.  Safety  Factors  Along  Outer  Surface  for  0.30  inch  Thick  CN  PG. 
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Figure  98.  Safety  Factors  Along  the  Inner  Surface  for  0.15  inch  Thick  SN  PG. 
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Figure  99.  Safety  Factors  Along  the  Inner  Surface  for  0.300  inch  Thick  SN  PG. 
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Inner  Surface  of  0.45  inch  Thick  SN  PG. 
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Figure  104.  Safety  Factors  Along  Inner  Surface  of  CN  PG  Using  Average  Properties. 
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Figure  107.  Safety  Factors  Along  Outer  Surface  of  SN  PG  Using  Averages  Properties. 
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Figure  1 08.  Minimum  Factors  vs  Thickness  for  SN  PG. 
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Figure  1 09.  Minimum  Factors  vs  Thickness  for  CN  PG. 

152 


L 


Figure  110.  Safety  Factors  Along  Length  of  CN  PG  Insert  Using  Measured  Properties. 
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Figure  111.  Safety  Factors  Along  Length  of  SN  PG  Insert  Using  Measured  Properties. 
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The  results  presented  in  Figures  98  through  103  show  the  factors  of  safety  to  be  less  for  the  SN-typc 
material  than  for  the  CN-type  material  of  Figures  92  through  97. 

All  of  the  above  results  are  based  on  the  minimum  set  of  strength  properties.  Figures  104  through  107 
show  the  safety  factor  distribution  versus  insert  length  at  the  ID  and  OD  surfaces  and  as  a function  of  thickness. 
These  safety  factors  are  shown  for  the  TWFA  theory  only  (the  theory  predicting  minimum  safety  factors)  and  are 
based  on  the  set  of  average  strength  allowables.  As  shown,  the  safety  factors  for  a 0.30-inch-thick  insert  comprised 
of  CN-type  material  are  higher  than  the  safety  factors  for  an  SN-type  material  with  the  same  thickness.  The 
minimum  factor  at  the  OD  is  1.33  for  a CN-type  material,  and  only  0.79  for  the  SN-typc  material  at  the  OD. 

Completely  different  conclusions  can  be  drawn  from  the  following  results  depending  on  the  set  of 
parameters  one  uses  to  define  an  insert  thickness. 

A reasonable  thickness  assuming  a CN-type  PC  and  an  average  set  of  properties  would  be  0.30-inch, 
litis  was  selected  as  the  basis  for  beginning  the  deposition  work. 

However,  based  on  the  large  scatter  of  strength  data  obtained  for  pyrolytic  graphite  and  the  other 
unknowns  such  as  homogeneity  of  microstructure,  type  of  microstructure,  and  possible  thickness  variations,  a lower 
bond  on  thickness  was  desirable.  Figures  108  and  109  show  the  minimum  safety  factor  as  a function  of  insert 
thickness  using  minimum  strength  properties.  Figure  108  is  for  SN-type  PG  material  while  Figure  109  is  for  CN-type 
PC  material. 

The  differences  in  predictions  of  the  different  failure  theories  is  even  more  drastically  shown  in  this  figure. 
If  one  accepts  a factor  of  1 .0  since  minimum  strength  properties  are  assumed,  the  allowable  thickness  (Figuie  109) 
for  the  CN  material  using  the  MPFM  theory  is  approximately  0.43  inch.  However,  the  TWFM  theory  results  in  a 
minimum  thickness  of  approximately  0.25  inch. 

Figure  108  shows  the  same  results  for  the  SN  material.  For  the  MPSF  theory,  the  allowable  thickness  is 
0.30  inch  while  for  the  TWFM  theory  the  allowable  thickness  is  approximately  0.17  inch. 

The  following  study  indicates  that,  based  on  a conservative  approach  to  determining  thicknesses,  the 
maximum  thickness  for  a CN  material  insert  is  approximately  0.25  inch.  For  a SN  material  this  thickness  is  0.170 
inch.  The  analysis  has  pointed  out  that  many  parameters  affect  the  above  conclusion,  and  a foundation  has  been  laid 
for  a methodology  that  indicates  the  need  for  further  study  of  failure  and  failure  theories. 

6.3.3. 2.1  Reanalysis  with  Properties  Obtained  for  the  Pfizer  Material 

As  stated  in  Section  5.0,  the  properties  obtained  for  the  Pfizer  material  were  very  similar  to  those  for  a 
CN  material.  However,  strength  data  exhibited  some  degree  of  scatter.  A reanalysis  of  the  4. 40-inch -long  insert  was 
performed  using  the  data  obtained  from  the  Pfizer  material  test  program.  Figures  1 10  and  1 1 1 show  the  factor  ot 
safety  results  obtained  from  this  analysis. 

The  Tsai-Wu  iheory  with  assumptions  as  defined  in  Section  6.3.2  were  used  for  calculating  the  factors  of 
safety.  Again  two  sets  of  strength  properties  were  used.  The  first  set  was  based  on  the  mean  strength  values  obtained 
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for  the  Pfizer  material.  The  second  set  was  based  on  the  -2 a variation  and  is  called  a minimum  set  of  strength 
properties.  Sufficient  data  was  not  available  to  do  a meaningful  statistical  analysis,  but  a standard  deviation  was 
calculated  to  indicate  the  type  of  strength  values  one  might  obtain. 

Again  the  minimum  factor  occurs  at  the  outer  surface.  Based  on  mean  strength  values,  the  minimum 
factor  of  safety  for  the  0.30-inch-thick  insert  comprised  of  Pfizer  material  is  1.25.  Based  on  the  minimum  strength 
value,  the  factor  is  approximately  1.0.  The  analysis  predicts  that  an  0.30-inch-thick  insert  is  very  marginal  and  is 
subject  to  failure  if  minor  changes  in  the  stress  state  are  imposed. 

6.3.3.3  Residual  Stress  Tests 

Two  residual  stress  tests  were  performed  using  strain  gage  techniques.  The  procedure  for  performing  the 
test  was  to  bond  strain  gages  to  the  ID  of  a pyrolytic  graphite  ring  and  to  measure  the  strain  rebel  obtained  as 
material  was  removed  from  the  OD  of  the  ring. 

[ 

Atlantic  Research  performed  one  residual  stress  test  using  a ring  machined  from  the  full  scale  deposited 
insert.  The  material  was  used  from  Pfizer  Run  number  M-220.  The  ring  configuration  is  shown  in  Figure  1 12.  Four 
biaxial  strain  gages  were  bonded  to  the  internal  surface  of  the  ring  approximately  90  degrees  apart.  Fifty  mils  were 
removed  from  the  external  surface  of  the  ring  and  strain  gage  readings  were  recorded.  An  additional  100  mils  were 
removed  from  the  external  surface  and  strain  gage  readings  were  repeated.  Finally  the  ring  was  split  and  the  strain 
gages  were  isolated  by  machining  away  all  surrounding  material.  The  results  of  the  strain  gage  readings  are  presented 
in  Figure  1 13.  This  figure  shows  the  hoop  strain  relief  measured  as  a function  of  thickness  of  material  removed.  One 
of  the  gages  was  inoperative  and  therefore  the  results  represent  an  average  of  the  three  remaining  gages. 

An  analysis  of  the  strain  relief  versus  the  thickness  of  material  removed  was  performed  using  the 
SAAS  III  computer  program  and  the  properties  obtained  for  the  Pfizer  material.  These  results  are  also  shown  on  the 
figure. 

Comparing  the  analytical  and  strain  gage  results,  one  sees  that  the  total  strain  relief  from  the  analysis  was 
approximately  0.083  percent  while  the  test  indicated  a total  value  of  0.077  percent.  This  represents  approximately  7 
percent  difference. 

Based  on  the  many  parameters  involved  in  the  analysis  and  the  strain  gage  test  itself,  this  agreement  is 
very  encouraging.  In  fact  the  difference  is  insignificant  in  comparison  to  the  scatter  that  exists  in  the  strength  data. 
Tins  agreement  in  results  indicates  that  the  assumptions  in  regard  to  minimum  growth  stress  effects  and  uniformity 
in  microstructure  are  fairly  reasonable. 

The  other  strain  gage  test  was  performed  by  the  Aerospace  Corporation.  This  test  was  perfomied  on  a 
1 .00-inch-long  cylindrical  ring  with  an  inner  diameter  of  approximates  "'.85  inches  and  a well  thickness  of  0.2  inch. 
The  ring  was  machined  from  a cylinder  of  material  made  early  in  the  program  by  Pfizer  and  the  material  was  not 
considered  to  be  representative  of  the  final  insert  material. 
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Figure  113.  Strain  Relief  vs  Material  Removal  in  Residual  Stress  Test. 


The  results  of  the  strain  gage  test  performed  by  the  Aerospace  Corporation  were  “clouded”  by  the  fact 
that  the  ring  shattered  during  the  final  machine  cut  so  the  total  strain  relief  could  not  be  measured.  An  extrapolation 
of  the  data  was  made  by  Aerospace  and  a minimum  and  maximum  bound  on  the  total  strain  relief  was  projected. 
The  results  for  total  strain  relief  were  approximately  one-half  of  that  predicted  by  analysis.  Possible  nonuniformity 
in  microstructure  could  explain  the  above  discrepancy.  Also,  a high  degree  of  scatter  in  the  strain  gage  readings  were 
obtained. 

6.3.3.4  Comparison  of  Analysis  Results  to  Manufactured  Component  Behavior 

A total  of  thirteen  deposition  runs  were  made  by  Pfizer  in  an  attempt  to  manufacture  the  free-standing 
PC  insert.  Of  the  thirteen  runs,  eight  runs  were  aborted  due  to  processing  problems.  Run  M-220  and  Run  M-224 
resulted  in  inserts  with  abnormalities.  In  the  case  of  M-220,  a local  spalling  (surface  release)  of  material  occurred  at 
the  small  diameter  end.  A longitudinal  crack  originated  in  the  area  of  the  spall. 

A dense  soot  bridge,  which  had  grown  between  the  separator  ring  and  the  ID  shape,  initiated  a crack  in 
the  part  made  from  Run  M-224.  Hence,  only  the  parts  obtained  from  Run  M-218.  M-222,  and  M-225  can  be 
discussed  in  relationship  to  their  structural  integrity  based  on  residual  stress  effects. 

Part  M-218  was  removed  from  the  furnace,  and  initial  visual  inspection  indicated  no  cracks.  The  average 
thickness  of  the  part  in  the  usable  insert  region  was  approximately  0.32  inch.  The  procedure  at  the  time  provided  for 
removing  the  end  separator  rings  by  tapping  the  rings  since  the  ring  and  insert  were  joined  together  by  bridging  of 
the  deposited  PC.  This  left  a “ragged”  edge  on  the  insert  component.  After  about  72  hours  an  OD  spiral-type  crack 
was  observed.  The  crack  initiated  from  the  edge  of  the  component.  It  was  theorized  that  a flow,  caused  by  the 
separation  of  the  end  rings  from  the  insert  component,  grew  under  the  residual  stress  field  to  its  critical  size  and 
caused  the  crack.  Flaw  growth  under  a stress  field  has  been  observed  in  PG  and  is  not  uncommon.  Based  on  the 
above  assumption,  a machining  procedure  was  devised  in  which  the  ends  of  the  insert  were  removed  as  soon  as 
possible  after  cooldown  of  the  insert.  It  should  be  pointed  out  that  no  cracking  of  file  other  remaining  inserts  can  be 
attributed  to  time-dependent  cracking.  This  leaves  two  inserts  which  should  be  discussed:  Run  M-222  and  Run 
M-225. 

This  as-deposited  part.  M-222,  was  examined  upon  removal  from  the  furnace,  and  no  visual  cracks  were 
found  on  the  ID  or  OD. 

Both  end  rings  were  machined  off  the  part,  and  the  OD  was  machined  to  size.  At  this  point,  no  cracks  or 
delaminations  were  apparent.  After  final  OD  machining,  a cut  was  made  on  the  small  diameter  end  of  the  trimmed 
pait  to  permit  it  to  fit  inside  the  aluminum  fixture.  At  this  time  the  part  cracked  longitudinally  at  the  ID,  and  a 
spiral  crack  occurred  on  the  OD. 

The  as-deposited  part,  M-225,  also  contained  no  visual  cracks  upon  removal  from  the  furnace.  Upon 
i' 1 1 tuning  a driamination  and  two  hairline  cracks  occured  at  the  ID  of  the  insert. 

Both  of  the  parts.  M-222  and  M-225.  had  average  thicknesses  greater  than  0.30  inch.  Based  on  the 
i . residual  stress  studies,  a maximum  insert  thickness  of  0.27  inch  was  specified  for  Runs  M-223.  M-224, 

, vi  However,  this  reduced  thickness  was  never  achieved.  (Further  discussions  of  the  deposition  conditions 
...  r in  discussed  in  Section  7.0.) 
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It  is  clear,  based  on  the  residual  stress  results  and  the  behavior  of  the  manufactured  parts,  that  the 
0.32-inch-thick  insert  was  highly  marginal.  It  is  also  clear  that  the  residual  stresses  can  be  reduced  by  decreasing  the 
insert  thickness.  The  survivability  of  parts  M-218,  M-222  and  M-225  indicate  that  the  analysis  results  adequately 
predicted  the  residual  stress  fields.  Also  the  failure  of  parts  M-222  and  M-225  can  be  attributed,  in  part,  to  increased 
stresses  during  machining. 

The  conclusion  drawn  here  is  that,  with  a reduced  thickness  insert  (0.27  inch)  and  improved  machining 
procedures,  the  residual  stresses  can  be  reduced  by  approximately  25  percent  and  a usable,  structurally  adequate 
free-standing  insert  is  feasible. 

6.3.4  Firing  Stresses 

6.3.4. 1 Throat  Insert  Analysis 

Extensive  structural  analyses  were  conducted  for  the  baseline  nozzle  throat  insert  subjected  to  the 
nozzle  pressure  and  temperature  environment  of  the  test  firing  conditions.  The  baseline  insert  was  the  insert  shown 
m Figure  3,  Section  4.  That  insert  consists  of  two  layers  of  pyrolytic  graphite.  Considered  in  this  analysis  effort  were 
the  effects  of  different  temperature  distributions  (resulting  from  the  different  thermal  boundary  conditions 
discussed  previously),  the  effects  of  material  properties,  and  the  effects  of  using  only  one  layer  of  pyrolytic  graphite 
for  the  insert. 

Specifically,  the  following  analyses  were  conducted: 

a.  A comparative  structural  analysis  in  which  the  results  at  15  seconds  for  a dual-layer 
concept  were  compared  using  temperature  distributions  obtained  from:  (l)an  insert 
only  thermal  analysis,  (2)  a nozzle  assembly  thermal  analysis,  and  (3)  a nozzle 
assembly  with  front  edge  heating  thermal  analysis. 

b.  An  analysis  of  the  dual-layer  system  for  firing  times  of  2,  5.  15,  and  60  seconds  using 
CN  PC  material. 

c.  An  analysis  of  the  above  system  for  15  and  60  seconds  using  SN  material  properties. 

d.  An  analysis  of  a single-layer  system  for  firing  times  of  15  and  60  seconds  using  CN  PG 
properties. 

In  all  of  the  analyses  which  were  performed,  the  following  assumptions  were  made: 

a.  The  microstructure  of  th-i  PG  is  homogeneous  and  residual  stresses  are  only  the  result 
of  anisotropic  properties. 

b.  Gap  filler  materials  between  layers  of  PG  or  between  the  PG  and  backup  components 
remain  essentially  unchanged  up  to  a temperature  of  500°F.  The  filler  materials  then 
decompose  to  produce  an  effective  gap  equal  to  60  percent  of  the  assembly  gap  at  a 
temperature  of  1,000°F. 
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c.  The  stress  and  slrain  states  in  the  inner  layer  (the  layer  next  to  the  exhaust  gases)  of  a 
dual-layer  design  are  much  more  critical  than  those  in  the  second  layer.  Hence  the 
analysis  includes  only  one  layer  of  PG  with  a boundary  condition  applied  at  the  outer 
surface  based  on  the  temperatures  of  the  second  layer. 

d.  Effects  of  microstructure  “reordering”  are  small  at  temperatures  of  5,700°F  for  the 
short  nozzle  firing  times,  and  therefore  may  be  neglected. 

This  baseline  ab  plane  “free-standing”  pyrolytic  graphite  insert  nozzle  design  concept  used  for 
thermal-structural  analysis  is  the  dual-layer  design  using  CN  PG  type  material.  The  other  cases  analyzed  arc  then 
compared  with  the  baseline  design.  The  SAAS  111  thermostructural  analysis  code  was  used  for  ail  of  the  firing  stress 
predictions  presented  here.  The  properties  used  for  these  calculations  are  the  preliminary  properties  established  from 
the  various  literature  sources  and  presented  in  Section  5.0.  The  material  properties  obtained  from  the  results  of  the 
tests  conducted  at  Southern  Research  Institute  and  presented  in  Section  5.0  were  not  available  at  the  time  these 
calculations  were  performed.  The  temperature  distributions  used  for  these  analyses  are  those  based  upon  the  NAPE 
thermal  model  presented  in  Section  6.2.5.  The  erosion  values  for  the  inserts  are  the  values  presented  earlier  in  this 
section. 

For  the  nonthermal  boundary  conditions  it  was  assumed  that  the  bond  line  between  the  single  layer  PG 
insert  and  the  ATJ  backup  material,  or  the  bond  line  between  the  first  and  second  PG  layers  of  the  dual  layer  design, 
decomposed  at  500°F.  Above  500°F,  therefore,  the  bond  line  was  assumed  to  be  incapable  of  sustaining  tensile  or 
shear  loads.  In  effect  a sliding  boundary  was  imposed  at  bond  lines  that  exhibited  temperatures  above  500°F.  This 
was  accomplished  by  using  thin  finite  elements  with  the  appropriate  stiffness  characteristics  (low  shear  and  hoop 
moduli).  Also  the  skew  boundary  option  of  the  SAAS  III  program  was  utilized  at  the  bond  lines  to  direct  the 
backside  boundary  displacements  along  the  actual  geometric  shape  of  the  PG  layer. 

Pressure  distributions  along  the  length  of  the  inserts  were  calculated  assuming  an  isentropic  expansion  ol 
the  gases  through  the  nozzle.  The  values  of  pressure  applied  to  the  ends  of  the  insert  were  based  on  the  local  area 
ratio  at  the  particular  axial  location. 


The  results  of  the  thermostructural  analysis  of  the  firing  conditions  for  the  baseline  dual  laser  insert 
configuration  with  GN  pyrolytic  graphite  are  presented  in  Figures  1 14  through  145.  The  results  which  arc  shown  in 
these  figures  summarize  the  conditions  which  arise  in  the  regions  of  the  insert  which  are  or  could  be  critical  areas  of 
the  insert  from  a structural  integrity  point  of  view.  That  is,  in  certain  key  regions  of  the  nozzle  insert,  relatively  high 
stress  (or  strain)  levels  are  developed  which  could  lead  to  failure.  For  example,  excessive  compressive  stresses  or 
strains  at  the  inner  surface  of  the  insert  arc  a likely  cause  for  failure.  Hence,  the  hoop  (S1GT)  and  axial  (SIGN) 
stresses  at  the  ID  of  the  insert  versus  insert  length  are  shown.  The  shear  (TAUMN)  and  radial  (SIGM)  stresses  are,  on 
the  other  hand,  insignificant  at  the  ID  of  the  insert,  and  therefore  are  not  presented 

Delaminations  of  the  PG  represent  another  likely  failure  mode.  Conditions  leading  to  delaminations  are 
considered  to  be  those  which  cause  excessive  interlaminar  shear  stresses  within  the  insert.  The  peak  shear  stresses 
occur  at  the  entrance  and  exit  ends  of  the  insert  at  a distance  approximately  one-half  the  thickness  from  the  inner 
surface.  Therefore,  the  hoop  (SIGT).  axial  (SIGN),  shear  (TAUMN),  and  radial  (SIGM)  stresses  versus  insert 
thickness  are  plotted  for  the  regions  near  the  entrance  and  exit  planes  for  each  of  the  firing  times. 
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Figure  1 14.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the 
Insert  at  5 Seconds  for  CN  PG. 


Figure  1 15.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the 
Insert  at  5 Seconds  for  CN  PG. 
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Figure  116.  Safety  Factors  Along  the  Inner  Surface  of  the 
Insert  at  5 Seconds  for  CN  PG. 
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Figure  1 18.  Axial  and  Hoop  Stress  at  the  Entrance  End  of  the  Insert 
at  5 Seconds  in  CN  PG. 
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Figure  120.  Axial  and  Hoop  Stress  and  the  Exit  End  of  the  Insert  at  5 Seconds  in  CN  PG. 
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Figure  124.  Safety  Factors  Along  Outer  Surface  of  the  Insert  at  5 Seconds  in  CN  PG. 
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Figure  126.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Insert 
at  15  seconds  for  CN  PG. 
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Figure  130.  Safety  Factors  at  the  Entrance  End  of  the  Insert 
at  15  Seconds  in  CN  PG. 
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Figure  132.  Shear  ar 


Figure  133.  Safety  Factors  at  Exit  End  of  the  Insert  at  15  Seconds  in  CN  PG. 


181 


STRESS  (ksi) 


Figure  1 34.  Axial  and  Hoop  Stress  Along  Outer  Surface  of  the  Insert 
at  15  Seconds  in  CN  PG. 
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Figure  135.  Safety  Factors  Along  Outer  Surface  of  the  Insert 
at  15  Seconds  in  CN  PG. 
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Figure  136.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the  Insert 
at  60  Seconds  for  CN  PG. 
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Figure  137.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Insert 
at  60  Seconds  for  CN  PG. 
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Figure  138.  Axial  and  Hoop  Stress  at  the  Entrance  End  of  the  Insert 
at  60  Seconds  in  CN  PG. 
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Figure  140.  Safety  Factors  at  tha  Entrance  End  of  the  Insert 
at  60  Seconrn  in  CN  PG. 
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Figure  142.  Axial  and  Hoop  Stress  and  the  Exit  End  of  the  Insert 
at  60  Seconds  in  CN  PG. 
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Figure  144.  Axial  and  Hoop  Stress  Along  Outer  Surface  of  the  Insert 
at  60  Seconds  in  CN  PG. 
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Possible  fracture  of  the  insert  due  to  high  tensile  stresses  at  the  insert  OD  is  another  mode  of  failure 
which  must  be  avoided.  The  OD  is  a region  of  both  axial  (SIGN)  and  hoop  (SIGT)  tensile  stress  states.  Theretore,  in 
the  results  which  are  presented  in  the  following  sets  of  figures,  the  hoop  (SIGT)  and  axial  (SIGN)  stress  distribution 
along  the  length  of  the  insert  are  shown. 

In  addition  to  the  states  of  stress  and/or  the  strain,  factors  of  safety  were  calculated  and  these  are 
presented  along  with  the  stress  and  strain  values.  For  the  most  part  the  safety  factors  presented  were  determined  on 
the  basis  of  the  interaction  failure  criterion  or  the  minimum  stress  ratio  criterion.  Safety  factors  are  calculated  based 
upon  minimum  strength  properties,  and  they  are  calculated  based  upon  average  strength  properties  as  well. 

One  other  criterion  was  considered.  At  the  inner  surface  of  the  insert,  where  yielding  occurs,  a strain 
based  criterion  was  used  to  determine  a factor  of  safety.  The  reason  for  this  is  the  fact  for  at  temperatures  above 
5.000°F  the  stress-strain  curves  are  not  well  established  and  the  stresses  calculated  are  very  dependent  upon  the 
exact  shape  of  the  stress-strain  curves.  Since  the  strain  is  largely  thermally  induced  and  therefore  more  accurately 
calculated,  a strain  criterion  appears  more  realistic. 

Based  on  the  set  of  minimum  strength  properties,  the  low  shear  strength  values  greatly  influence  the 
safety  factors  and  hence  regions  where  shear  stresses  are  significant  result  in  the  lowest  safety  factors. 

For  average  strength  properties,  the  regions  of  maximum  compressive  stress  or  strain  result  in  the  lowest 

factors. 

Table  1 1 shows  the  summary  of  safety  factors  calculated  for  2,  5,  15,  and  60  seconds  for  the  design.  The 
minimum  factors  are  shown  for  the  ID,  OD,  exit,  and  entrance  planes  of  the  insert  for  each  of  the  firing  times  based 
on  stress  results.  Also  shown  is  a safety  factor  based  on  allowable  strain. 

The  table  shows  that  the  minimum  safety  factor,  based  on  a minimum  set  of  strength  properties,  occurs 
at  2 to  1 5 seconds  and  is  0.33.  This  safety  factor  is  mostly  influenced  by  the  allowable  shear  strength  property  used 
(525  psi)  and  occurs  at  the  exit  plane  of  the  insert.  If  average  strength  properties  are  used,  the  minimum  safety 
factor  occurs  at  the  inner  surface  of  the  insert.  This  factor  is  1.03,  and  occurs  at  60  seconds  based  on  strength 
criteria.  However,  if  the  strain  criteria  is  used,  the  minimum  safety  factor  is  1.1  and  occurs  again  at  the  60-second 
time.  The  strain  allowable  used  is  1.0  percent.  Therefore,  60-second  strain  states  require  an  allowable  strain  of 
approximately  1.0  percent.  Material  tests  have  determined  the  strain  capability  of  the  PG  material  manufactured  by 
Pfizer.  These  values  obtained  are  greater  than  1 .35  percent. 

Based  on  the  thermal-structural  analysis,  the  dual-layer  design  will  perform  adequately  if  shear  strengths 
are  above  1,500  psi  and  compressive  strain  allowables  are  above  1.0.  The  property  data  obtained  from  the  test  results 
on  the  Pfizer  material  and  presented  in  Section  5.3.3  indicate  that  these  allowables  are  indeed  satisfied. 

Based  on  the  assumptions  outlined,  the  materia)  property  data,  and  the  thermal  and  boundary 
conditions  inputed,  the  dual-layer  concept  provides  a reasonable  approach. 

For  comparison,  two  firing  time  analyses  were  performed  using  the  properties  typical  for  a SN  PG 
material.  These  analyses  were  performed  at  firing  times  of  15  and  60  seconds.  The  same  stress,  strain,  and  safety 
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TABLE  1 1 . SUMMARY  OF  SAFETY  FACTORS  DUAL  LAYER  DESIGN  - CN  MATERIAL. 


Tim# 


(Sec) 

SFE 

SFID* 

SFOD* 

SFENT* 

SFEXT 

2 

0.62A 

0.98 

1.05 

0.46 

0.33 

(1-61) 

(1.42) 

(1.58) 

(1.68) 

(1-50) 

5 

0.73A 

0.81 

1.0 

0.405 

0.5 

(1.36) 

(1.18) 

(1.5) 

(135) 

(1.22) 

15 

0.6a 

0.78 

0.52 

0.40 

0.37 

(167) 

(113) 

(2.67) 

(1.20) 

(123) 

60 

0.9a 

0.68 

0.76 

0.48 

0.68 

(1.11) 

(1.03) 

(1.22) 

(1.16) 

(1.03) 

SFE  - Safety  Factor  Based  on  Maximum  Strain 
SFID  - Safety  Factor  at  I.D.  of  Insert 
SFOD  • Safety  Factor  at  O.D.  of  Insert 
SFENT  - Safety  Factor  at  Entrance  End  of  Insert 
SFEXT  • Safety  Factor  at  Exit  End  of  Insert 

( ) • Indicate  S.F.  Based  on  Average  Strength 

Properties/Other  Factor  Based  on  Minimum  Strengths 

* Safety  Factor  Based  on  Multi-Axial  Stress  Failure  Criteria 
A Represents  Strain  Values  & Not  Safety  Factor 
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factor  results,  as  shown  for  the  analysis  using  CN  PG  material  properties,  are  presented  in  Figure  146  through  Figure 

165  for  the  SN  PG  material  properties. 

Table  12  shows  the  resulting  set  of  safety  factors.  Again,  based  on  minimum  strength  properties,  the 
minimum  safety  factor  (0.56)  exists  at  the  exit  end  at  15  seconds.  The  shear  stresses  developed  are  the  major 
contributor  to  the  low  safety  factors.  For  the  average  set  of  properties,  the  minimum  factor  exists  at  the  outer 
surface  at  the  exit  end  of  the  insert.  This  factor  is  0.79,  and  is  due  to  the  high  compressive  stresses  at  the  OD  of  the 
insert.  These  compressive  stresses  are  greater  than  for  the  CN  material  case  since  the  residual  compressive  stresses  are 
higher  for  a SN  type  PG  material.  The  analysis,  therefore,  shows  that,  based  on  average  properties,  the  hoop 
compressive  stresses  result  in  a factor  of  safety  at  60  seconds  which  is  less  than  1 .0. 

Therefore,  a SN  PG  material  insert  results  in  a lower  factor  of  safety  than  for  a CN  PG  material.  Further 
analyses  could  be  performed,  however,  with  a thinner  SN  material  insert,  and  a design  could  result  that  exhibited 
acceptable  margins  of  safety.  In  summary,  an  insert  fabricated  with  SN  PG  material  will  result  in  a more  marginal 
design  than  one  fabricated  with  CN  PG  material. 

From  a fabrication  viewpoint,  an  insert  design  consisting  of  a single  layer  of  a-b  plane  PG  backed  up  by 
an  ATJ  substrate  is  desirable  due  to  its  simplicity.  Therefore,  an  analysis  was  performed  fora  single-layer  concept, 
and  a comparison  of  the  stress  and  strain  states  for  the  dual  and  single  layer  was  made. 

The  results  for  a single-layer  and  dual-layer  design  are  presented  in  Figures  166  through  169.  The  results 
are  shown  for  15  and  60  seconds.  Only  small  differences  exist  in  the  results  for  firing  times  up  to  15  seconds.  Figure 

166  presents  the  hoop  stress  distributions  through  the  coating  thickness  for  a single  and  dual  layer  at  times  of  15  and 
60  seconds.  These  results  are  shown  for  the  exit  plane  where  the  stresses  are  maximum.  The  results  indicate  that  the 
hoop  stresses  at  15  seconds  are  much  higher  for  the  single-layer  design  than  for  the  dual-layer  design.  The  reason  for 
this  is  that  the  temperature  gradients  for  the  single-layer  design  are  greater  and  the  temperatures  at  the  back  surface 
of  a single-layer  design  are  less  due  to  the  higher  conductivity  of  the  ATJ  backup  material.  The  lower  temperatures 
result  in  no  degradation  of  the  gap  filler  material  for  a single-layer  design  while,  for  the  dual  layer,  the  gap  filler 
material  has  completely  decomposed.  Hence  the  radial  deformation  for  a single-layer  design  is  less  as  a function  of 
firing  time. 

For  the  60-sccond  firing  time,  the  hoop  stresses  for  the  dual-layer  design  are  greater  than  those  for  a 
single-layer  design  due  to  the  higher  temperature  of  the  inner  layer.  However,  the  stresses  are  not  quite  as  different 
for  the  two  designs  as  at  the  15-second  time. 

Figure  167  shows  the  strain  distribution  through  the  thickness.  Due  to  the  higher  radial  restraint,  the 
maximum  strain  at  the  inner  surface  of  the  coating  occurs  at  15  seconds  for  the  single-layer  design.  This  value  is 
slightly  less  than  1.0  percent.  The  strain  is  then  reduced  to  approximately  0.8  percent  at  60  seconds.  For  the 
dual-layer  design,  the  strain  increases  over  the  total  firing  time  and  is  a maximum  of  0.9  percent  at  60  seconds. 

The  above  results  are  based  on  an  effective  gap  of  10  mils  behind  the  inner-layer  insert  and  a gap 
decomposition  temperature  of  500  F. 
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Factors  Along  the  Inner  Surface  of  the  Insert 
Seconds  for  SN  PG. 
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Figure  149.  Axial  and  Hoop  Stress  and  tha  Exit  End  of  tha  Insart 
at  IS  Saconds  in  SN  PG. 
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Figurs  151.  Safety  Factors  at  Exit  End  of  the  Insert  at  15  Seconds  in  SN  PG. 
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Figure  152.  Shear  and  Radial  Sti 

at  15  Seconds  for  SN  PG. 
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Figure  153.  Axial  and  Hoop  Stress 
at  1 5 Seconds  in  SN  P 
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Figure  156.  Safety  Factors  Along  Outf' Surface  of  the  Insert  at  15  Seconds  in  SN  PG. 
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Figure  158.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Insert 
at  60  Seconds  for  SN  PG. 
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Figure  160.  Shear  and  Radial  Stress  at  Exit  End  of  the  Insert  at  60  Seconds  for  SN  PG. 
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Figure  162.  Shear  Stress  and  Radial  Stress  at  the  Entrance  End  of  the  Insert 
at  60  Seconds  in  SN  PG. 
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Figure  163.  Safety  Factors  at  the  Entrance  End  of  the  Insert 
at  60  Seconds  in  SN  PG. 
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Figure  165.  Safety  Factors  Along  Outer  Surface  of  the  Insert  at  60  Seconds  in  SN  PG. 


216 


TABLE  1 2.  SUMMARY  OF  SAFETY  FACTORS  DUAL  LAYER  - SN  MATERIAL. 


Time 

(Sec) 

SFE 

““““ 

15 

0.46 

(2.19) 

60 

0.76 

(1.31) 

SFID 

SFOD 

1.01 

0.97 

(1.11) 

(1.19) 

0.86 

0.76 

(103) 

(0.80) 

SFENT 

SFEXT 

0.58 

0.56 

(1.46) 

(1-06) 

1.22 

0.76 

(1.33) 

(0.79) 

SFE  • Safety  Factor  Based  on  Maximum  Strain 
SFID  - Safety  Factor  at  I.D.  of  Insert 
SFOD  - Safety  Factor  at  O.D.  of  Insert 
SFENT  - Safety  Factor  at  Entrance  End  of  Insert 
SFEXT  - Safety  Factor  at  Exit  End  of  Insert 
( ) - Indicate  S.F.  Based  on  Average  Strength 

Properties/Other  Factor  Based  on  Minimum  Strengths 
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Figure  167.  Comparison  of  Hoop  Strain  Distributions  for  Single  and  Dual  Layer  Designs. 
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Figure  169.  Comparison  of  Factors  of  Safety  for  Single  and  Dual  Layer  Designs. 
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Thus  the  single-layer  design  results  in  higher  strains  earlier  in  the  firing,  but  the  maximum  strain  for  each 
design  is  approximately  the  same.  Figure  168  shows  the  shear  stress  distributions  for  the  two  designs.  The  maximum 
shear  stresses  occur  at  15  seconds  for  both  designs,  and  the  maximum  shear  stresses  are  very  similar  in  magnitude. 
The  shear  stresses  for  the  single  layer  are  higher  at  60  seconds  than  for  the  dual  layer.  This  is  due  to  the  fact  that 
thermal  gradients  for  the  single  layer  remain  somewhat  greater  during  the  firing  duration. 

Figure  169  shows  the  resulting  safety  factors  for  the  two  designs  bused  on  the  total  stress  field.  The 
interaction  failure  criteria  was  used.  As  shown,  all  the  safety  factors  at  the  inner  surface  approach  1.0  since  the 
material  in  this  region  has  yielded.  The  safety  factors  for  the  single  layer  at  15  seconds  are  lower  than  for  the  dual 
layer  due  to  the  higher  compressive  stresses  that  exist.  However,  these  factors  are  similar  to  those  that  exist  for  the 
dual  layer  and  the  single  layer  at  60  seconds.  Therefore,  again  minimum  safety  factors  for  the  two  designs  are 
similar;  but  the  single-layer  design  results  in  lower  factors  earlier  in  the  firing. 

In  summary,  shear  stresses  for  the  single  layer  and  dual  layer  are  of  the  same  magnitude  while  minimum 
strain  and  stress  factors  are  also  similar  for  the  two  designs.  The  basic  difference  in  the  two  designs  is  the  time  at 
which  minimum  factors  exist.  The  stress  states  presented  are  highly  dependent  on  the  temperature  profiles  that  exist 
for  the  two  designs.  If  the  backup  material  for  a single-layer  design  was  a material  with  a lower  thermal  conductivity 
than  ATJ,  then  the  temperature  distributions  would  approach  the  dual-layer  design.  The  stress  and  strain  results 
would,  therefore,  be  somewhere  in  between  the  results  presented.  The  safely  factors  presented  in  Figure  16l>  were 
based  upon  stresses.  If  strains  are  used  to  determine  the  safety  factors,  the  minimum  factor  is  1.35,  or  about  35 
percent  higher  than  the  minimum  factor  based  upon  stresses. 

Based  on  the  above  results,  current  material  properties,  and  strength  allowables,  a design  consisting  of  a 
dual-layer  insert  appears  to  offer  no  great  advantage  over  a single-layer  concept.  Significantly,  the  previous  results  for 
a single-layer  design  indicate  minimum  factors  at  about  15  seconds,  thereby  making  a 15-second,  single-layer  nozzle 
firing  a key  test  milestone. 

The  results  of  the  detailed  stress  analysis  and  the  safety  factors  obtained  are  presented  in  Figures  170 
through  199. 

o.3.4. 2 Buckling  Analysis 

As  a first  approximation  in  analyzing  the  buckling  behavior  of  the  insert,  the  insert  was  assumed  to  be 
divided  into  a number  of  rings  with  various  amounts  of  axial  constraint.  For  relatively  small  axial  stresses,  the 
stress-state  in  the  ring  approach  a condition  of  plane  stress;  and.  for  complete  constraint,  it  approaches  a condition 
ol  plane  strain.  For  the  elastic  analysis  which  follows  the  results  are  the  same  except  a factor  of  1 " *ab  is  applied  for 
plane  strain. 
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Figure  170.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  at  2 Seconds  for 
a Single  Layer  CN  PG  Insert. 


Figure  171.  Hoop  and  Axial  Strain  Along  the  Inner  Surface  at  2 Seconds 
for  a Single  Layer  CN  PG  Insert. 
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Figure  173.  Hoop  and  Axial  Stress  at  Entrance  End  of  the  Insert  at  2 Seconds 
for  a Single  Layer  CN  PG. 
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Figure  174.  Shear  and  Radial  Stress  at  Entrance  End  of  the  Insert  at  2 Seconds 
for  a Single  Layer  CN  PG. 
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Figure  17S.  Safety  Factor  at  Entrance  End  of  the  Insert  at  2 Seconds  for  a 
Single  Layer  CN  PG. 
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Figure  176.  Shear  and  Radial  STress  at  Exit  End  of  the  Insert  at  2 Seconds 
for  a Single  Layer  CN  PG. 
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Figure  1 79.  Axial  and  Hoop  Stress  Along  the  Outer  Surface  of  the  Insert  at  2 
Seconds  for  a Single  Layer  CN  PG. 
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Figure  180.  Safety  Factors  Along  the  Outer  Surface  of  the  Insert  at  2 Seconds 
for  a Single  Layer  CN  PG. 
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Figure  181.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the  Insert 
at  1 5 Seconds  for  a Single  Layer  CN  PG. 
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Figure  182.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Insert 
at  IS  Seconds  for  a Single  Layer  CN  PG. 


235 


.2 


0 1 1 I 1 1 . 1 

0 0.05  0.10  0.15  0.20  0.25 

THICKNESS  (in) 


Figure  185.  Safety  Factors  at  Exit  End  of  the  Insert  at  15  Seconds 
for  a Single  Layer  CN  PG. 
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Figure  186.  Axial  and  Hoop  Stress  at  the  Entrance  End  of  the  Insert  at 
1 5 Seconds  for  a Single  Layer  CN  PG. 
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Figure  187.  Radial  and  Shear  Stress  at  the  Entrance  End  of  the  Insert  at 
15  Seconds  for  a Single  Layer  CN  PG. 
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Figure  188.  Safety  Factors  at  the  Entrance  End  of  the  Insert  at  15  Seconds 
for  a Single  Layer  CN  PG. 
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Figure  189.  Axial  and  Hoop  Stress  Along  Outer  Surface  of  the  Insert  at 
IS  Seconds  for  a Single  Layer  CN  PG. 
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Figure  190.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the  Insert 
at  60  Seconds  for  a Single  Layer  CN  PG. 
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Figure  191.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Insert 
at  60  Seconds  for  a Single  Layer  CN  PG. 
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Figure  193.  Axial  and  Hoop  Stress  at  the  Exit  End  of  the  Insert  at  60  Seconds 
for  a Single  Layer  CN  PG. 
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Figure  194.  Safety  Factors  at  the  Exit  End  of  the  Insert  at  60  Seconds 
for  a Single  Layer  CN  PG. 
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Figure  197.  Safety  Factor*  at  the  Entrance  End  of  the  Insert 
at  60  Second*  for  a Single  Layer  CN  PG. 
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Figure  198.  Axial  and  Hoop  Stress  Along  the  Outer  S 
at  60  Seconds  for  a Single  Layer  CN  PG. 
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Figure  199.  Safety  Factors  Along  the  Outer  Surface  of  the  Insert 
at  60  Seconds  for  a Single  Layer  CN  PG. 
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Ring  Under  Buckling  I oad 

The  condition  which  is  analyzed  is  shown  in  the  sketch  above.  It  is  assumed  that  there  exists  some  critical 
combination  of  ring  thickness,  t.  and  pressure  (or  - PQ)  which  produces  buckling.  (The  contribution  of  P to  a 
varies  with  the  radius,  but  is  a weak  function  of  the  radius.  Hence  for  this  analysis,  the  contribution  of  PQ  to  o is 
assumed  constant.) 

If  u is  the  radial  deflection  ol  the  ring,  then  the  surrounding  material  exerts  a resisting  force  Ku  per  unit 
outer  circumference  of  the  ring.  The  spring  constant,  K,  can  be  expressed  in  terms  of  familiar  material  properties  by 
ustng  the  solution  lor  a thick  cylinder  subjected  to  internal  pressure  as  shown  in  the  sketch  below. 


Thick  Cylinder  Under  Internal  Pressure 


The  solution  for  the  stresses  is 


where  or  is  the  radial  stress  and  ag  is  the  hoop  stress.  For  the  insert  b »a  and  approximately 


per  unit  axial  length  of  the  ring.  For  convenience  write 


We  can  now  proceed  to  the  buckling  analysts.  The  strain  energy  in  the  ring  is  given  by 


where  s is  the  coordinate  measured  along  the  ring  centerline.  The  work  done  by  the  surrounding  medium  is 


o 


Assume  that  small  perturbations  in  the  load  applied  to  the  ring  may  be  represented  by  concentrated  forces  as  shown 
in  the  sketch  below 


■ .ti.  wn  latet  that  these  lorces  may  be  o(  negligible  magnitude.  They  arc  needed  only  to 
ta  loKkling  instability 
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The  work  performed  by  the  concentrated  forces  is 

W14W2  = P1  <U>0  = tt/2  4 P2<u>0  = n-  <c> 

The  general  expression  for  the  radial  displacement  of  the  ring  is 

oo  oo 

u = 2 a cos  n0  + 2 b„  sine  n 0 . 

n=  1 n n = 1 n 

However,  symmetry  requires  that  the  sine  terms  be  omitted  and  only  even  values  of  tire  cosines  terms  are  used 

OO 

u = 2 a cos  n 0 (n  even)  . (d) 

n 

The  method  of  virtual  work  will  be  used  to  solve  for  the  critical  value  of  buckling  pressure,  q.  For  a virtual  radial 
displacement 

6u  = 6an  cos  n 0 

the  strain  energy  must  be  equal  to  the  work  done  by  the  forces,  so  that 


AW,  AW  2 AWe 

6v 

nil  ^nJT 

- — + — — + - — 

6an  = £7  6an  P1  6an 

cos  — + cos  

6an  6an  6an 

1 2 2 

4 P2  ^an  cos  nff  4 1:05  ~ n ^ r 


rrEI 


— (n2-  I)2  an  - 7T(n2-  1)  qan 


solving  for  an. 
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Recalling  that  ap  is  the  coefficient  in  liquation  (<J)  for  radial  displacement,  u the  displacement  increases  without 
limit  when  the  denominator  of  liquation  (e)  becomes  equal  to  zero.  Notice  that  P|  and  P,  can  be  very  small, 
representing  small  perturbations  tn  the  loading  of  the  ring. 


For  an  -*  °° , 


qcr  7 

n2-  1 


, 2 El 

kr  + (n  - 1)  

r 3 
ro  J 


The  t in  this  equation  is  Eg  or  for  pyrolytic  graphite  E^  (“’  Ea.  Using  k = c Ea/r0,  and  I = t3/l2  where 
t = ring  thickness,  the  above  equation  becomes 


Ea 

2 2 
_ (n2-’) 
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CO 
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n2  - 1 
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ro 
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Hie  value  of  c lor  pyrolytic  graphite  is  approximately  1/2  and  Equation  (f)  becomes 


Qcr  ,2 


2(n  1) 


In'  - 1)  t 
6 lro 


rhere  arc  several  observations  with  respect  to  Equation  (0.  First,  the  value  of  the  critical  buckling  pressure  takes  on 
discrete  values  tor  each  buckling  configuration,  determined  by  the  value  of  n.  which  must  be  an  even  number.  Second, 
for  each  value  of  the  thickness  ratio,  t/ru,  there  is  a value  of  n for  the  minimum  buckling  pressure.  This  value  may  be 
found  by  taking 


dq, 


■cr 
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The  nondimensionali/ed  critical  buckling  pressure  versus  thickness  ratio  is  shown  in  Figure  200.  The 
nondimensional  plot  is  presented  since,  tor  a given  thickness  of  the  insert,  the  thickness  ratio  varies  due  to  a 
variation  in  the  internal  radius  along  the  axis  of  the  insert  and  the  value  of  ta  varies  with  temperature.  The  solid 
lines  in  Figure  200  show  the  minimum  values  for  qcr;  the  dotted  lines  representing  the  pressure  required  for  buckling 
in  a given  nodal  configuration. 

Figure  201  shows  the  buckled  configuration  as  viewed  on  a plane  normal  to  the  axis  of  the  insert  for 
n = 10  which  occurs  for  a thickness  ratio  of  0.1 . 

Figure  202  is  a plot  of  buckling  pressure  versus  thickness  for  Fa  at  room  temperature  and  Ea  at  6.000°F. 
The  internal  radius  at  the  throat  (3.50  inch)  was  used  for  these  plots.  For  the  entrance  and  exit  ends  of  the  inserts, 
the  internal  radii  are  somewhat  greater  and,  therefore,  the  values  of  the  buckling  piessure  are  a little  less  at  these  two 
locations. 


The  possibility  of  buckling  can  be  assessed  if  the  radial  stresses  are  compared  with  the  critical  buckling 
pressure  as  given  by  Equation  (f). 

Using  the  equation  for  n for  critical  buckling  pressure 

2 V^~ 

n~  = 1 +1 

f‘  \3h 


a value  of  n is  calculated  for  each  selected  value  of  t/rQ.  This  value  will,  in  general,  not  be  an  even  whole  number, 
and  hence  the  closest  even  whole  number  must  be  selected.  The  value  of  n is  substituted  into  Equation  (f)  to  obtain 
the  critical  buckling  pressure.  The  value  used  for  Ea  is  that  for  the  average  temperature  across  the  thickness  under 
consideration.  Three  locations  along  the  insert  axis  are  selected:  the  entrance  end.  minimum  cross-section,  and  exit 
end.  The  results  are  shown  in  Figures  203,  204,  and  205  for  a 60-second  firing  time.  For  these  conditions  the 
greatest  possibility  for  buckling  exists  at  the  exit  end  of  the  insert. 

Referring  to  Figure  205,  it  is  apparent  that  the  critical  thickness  for  buckling  is  approximately  0.10  inch. 
Due  to  the  many  uncertainties  and  assumptions  related  to  the  buckling  analysis,  a minimum  factor  of  1 .5  was 
assumed.  Hence,  an  insert  thickness  greater  than  0.15  inch  should  eliminate  structural  stability  as  a possible  failure 
mode. 


It  should  be  pointed  out  that  the  60-second  firing  time  results  in  the  “worst”  case  condition  since  the 
material  is  the  “hottest"  (minimum  modulus),  the  thickness  has  been  reduced  due  to  erosion,  and  the  radial 
compressive  stresses  are  at  the  maximum. 

The  conclusions  of  the  "buckling"  analysis  are  as  follows: 

1 . The  critical  buckling  conditions  for  the  insert  is  significantly  different  as  compared  to 
the  case  of  a ring  subjected  to  pressure  with  no  resistance  backup  material.  For  no 
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Figure  203.  Critical  Buckling  Pressure  and  Insert  Stress  vs.  Thickness 
at  60  Seconds  for  the  Entrance  End. 


backup  material  the  minimum  critical  buckling  pressure  occurs  for  n = 2 (one 
complete  sine  wave)  and  n is  not  dependent  on  thickness  as  it  is  in  the  insert  situation. 

2.  An  insert  thickness  greater  than  0.15  inch  is  required  to  eliminate  possible  buckling  of 
the  “free-standing”  a-b  plane  insert. 

6.3.4.3  PG/SiC  Coated  Components 

For  the  30-  and  60-second  nozzle  firings,  PG/SiC  coated  components  are  recommended.  No  thermal  or 
structural  studies  have  been  performed  in  this  program  for  these  components;  however,  detailed  analyses  were 
performed  in  a previous  program.^'  1 Positive  margins  of  safety  were  predicted  for  the  entrance  cap  in  these 
studies. 

6.3.4.4  ATJ  Graphite  Components 

Figure  206  shows  the  upstream  ATJ  entrance  cap  and  downstream  ATJ  component  considered  for  the 
15-second  nozzle  test.  The  ATJ  entrance  cap  was  modeled  for  analysis  with  the  SAAS  111  structural  computer  code. 
Analyses  were  performed  for  firing  times  of  5 and  15  seconds  (firing  duration).  The  temperature  distributions  were 
obtained  from  the  nozzle  assembly  thermal  analysis. 

Figures  207  and  208  show  the  stress  distributions  at  the  inner  surface  of  entrance  cap.  The  sketch  below 
shows  the  region  where  stresses  are  plotted. 


Figure  207  shows  the  hoop  and  axial  stresses  while  Figure  208  shows  the  radial  and  shear  stresses.  Figures  20h  and 
210  show  the  strain  distributions.  Figure  21 1 shows  the  safety  factors  for  the  same  inner  surface.  The  interaction 
failure  criteria  is  used  to  calculate  the  factors  of  safety  based  on  the  average  strength  properties  for  ATJ.  Based  on 
the  average  properties  the  minimum  factor  is  1.74. 
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Figure  206.  ATJ  Graphite  Entrance  Cap  and  Exit  Ring  for  the  15  Second  Nozzle  Design. 
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Figure  207.  Axial  and  Hoop  Stress  Along  the  Inner  Surtax 
Entrance  Cap  at  5 Seconds. 
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Figure  211.  Safety  Factors  Along  the  Inner  Surface  of  the 
Entrance  Cap  at  5 Seconds. 


Figure  212  shows  the  safety  factor  icsults  for  IS  seconds.  Significantly  the  safety  factors  are  increased  at 
IS  seconds,  and  the  minimum  factor  based  on  average  properties  is  2.25.  Based  on  these  results,  the  entrance  cap 
would  perform  successfully. 

Figures  213  through  224  show  the  hoop  and  axial  stress  and  strain  distributions  versus  length  for  the  ID 
and  OD  of  the  ATJ  exit  component  for  2,  S,  and  1 5 seconds  The  factors  of  safety  calculated  for  the  inner  surface  at 
the  5-second  time  are  shown  in  Figure  225.  The  stresses  developed  at  5 seconds  result  in  the  minimum  factors  of 
safety  for  the  three  cases  analyzed.  Based  on  average  strength  values,  the  minimum  safety  factor  is  1.45. 
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Figure  212.  Safety  Factors  Along  the  Inner  Surface  of  the 
Entrance  Cap  at  15  Seconds. 
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Figure  218.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the 
Exit  Ring  at  5 Seconds. 
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Figure  221.  Axial  and  Hoop  Stress  Along  the  Inner  Surface  of  the 
Exit  Ring  at  15  Seconds. 


STRAI 


LENGTH  (in) 


Figure  222.  Axial  and  Hoop  Strain  Along  the  Inner  Surface  of  the  Exit  Ring 
at  15  Seconds. 
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7.0 


AB  PLANE  PG  FABRICATION 


7.1  Introduction 

A total  of  fifteen  deposition  runs  was  conducted  by  the  Pfizer  Corp..  Easton,  Pa.,  in  an  attempt  to 
fabricate  a nominal  7-inch  throat  diameter,  free-standing,  pyrolytic  graphite  throat  insert  with  a nominal  wall 
thickness  of  0.300  inch. 

An  objective  within  this  phase  of  the  effort  was  to  develop  a material  specification  for  free-standing  a-b 
plane  pyrolytic  graphite  shapes  for  rocket  nozzle  applications.  The  preliminary  specification  which  was  established  is 
given  in  Appendix  B. 

The  specified  deposition  shape  is  shown  in  Figure  226  and  a typical  throat  insert  deposition  assembly  is 
shown  in  Figure  227.  All  graphites  used  were  purified  electrode  grade  material  (to  minimize  metal  contamination) 
except  for  the  mandrel  which  was  machined  from  ATJ  graphite. 

The  first  six  throat  insert  deposition  runs  were  conducted  to  develop  process  parameters.  Two  tubular 
deposition  runs  were  also  conducted,  during  this  developmental  phase,  to  fabricate  free-standing  tubes  from  which 
test  specimens  could  be  removed  and  utilized  for  characterizing  the  physical  pioperties  of  the  material  produced. 
The  second  of  these  two  runs  was  of  the  desired  microstructure  and  was  the  material  used  for  characterization.  The 
last  seven  deposition  runs  utilized  the  same  deposition  conditions  as  the  second  materials  characterization  tube 
fabrication  run  (M-217)  and  nozzle  development  run  (M-21R)  and  were  conducted  in  an  attempt  to  fabricate  the 
required  tree-standing  nozzle  shapes  for  test  firing. 

7.2  Results 

The  initial  deposition  conditions  selected  yielded  a banded  microstructure.  These  bands  resulted  from 
changes  in  the  deposition  pressure  and  were  in  the  form  of  abrupt  changes  in  microstructurc  from  a highly 
regenerative  to  a sooty  material.  To  eliminate  this  problem  changes  were  made  in  the  process  parameters  to  reduce 
the  sensitivity  of  the  deposition  process  to  minor  changes  in  deposition  pressure.  These  changes  resulted  in  a 
uniform,  moderately  regenerative,  microstructure  with  the  desired  physical  properties. 

Minor  changes  in  the  initial  deposition  geometry  were  required  to  obtain  a uniform  deposition  rate  along 
the  axial  length  of  the  mandrel.  The  only  assembly  changes  during  the  course  of  the  program  involved  relative 
stand-off  distances  of  the  internal  baffle  plates  and  exhaust  tube  bore. 

Although  the  desired  coating  microstructurc  and  thickness  was  achieved,  all  of  the  throat  inserts 
fabricated  were  cracked  to  an  extent  that  they  were  considered  to  be  unsuitable  for  test  firing. 

7.3  Conclusions 

Free-standing  It;  throat  inserts  of  the  required  shape,  sufficient  thickness  and  specified  microstructuie 
were  fabricated,  but  none  survived  the  cooldown  stresses  inherent  in  the  fabrication  process. 

The  last  deposition  run  made  before  the  program  was  halted,  number  M-225,  and  run  number  M-222 
produced  shapes  which  contained  no  visual  cracks  upon  removal  from  the  furnace,  but  cracks  recurred  in  both  parts 
during  the  machining  operation. 
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Figure  227.  Typical  Deposit  Assembly. 


A ten  percent  wall  thickness  reduction  (to  0.270  inch)  based  on  parametric  residual  stress  studies  was 
specified  for  runs  M-223  through  M-225  to  reduce  stresses  and  increase  survivability,  but  this  thickness  reduction 
was  not  achieved  as  planned.  If  the  proposed  0.270-inch  wall  (or  thinner)  part  had  been  fabricated  the  analysis 
described  in  Section  6.0  indicate  that  the  reduced  residual  stress  level  would  allow  the  part  to  survive  cooldown  and 
subsequent  machining  operations. 

7.4  Developmental  Runs 

The  seven  developmental  runs  are  divided  into  three  categories  by  objectives.  The  first  category  is  for 
system  checkout  and  consisted  of  one  run.  The  second  group,  consisting  of  three  runs,  was  conducted  to  establish 
process  parameters  and  produce  a continuously  nucleated  microstructure.  The  third  series  of  developmental  runs  was 
for  final  system  adjustments  prior  to  producing  the  scheduled  inserts.  It  consisted  of  two  runs  which  were  made  in 
conjunction  with  two  other  runs  used  to  produce  cylinders  for  microstructural  characterization.  Information  gained 
in  the  cylinder  runs  was  used  to  upgrade  the  process  conditions  used  for  the  two  final  system  adjustment  runs. 

7.4.1  System  Checkout  (M-21 U 

The  first  run  of  the  series  (M-21  I ) was  conducted  to  check  out  the  deposition  system  and  to  assess 
process  conditions  and  resultant  microstructure.  This  run  was  the  first  attempt  at  making  a full-scale  curved  shape 
and  no  usable  part  was  expected. 

Based  on  previous  experience  a 1 .00-inch-diameter  restriction  plug  was  installed  in  the  exit  tube  as  part 
of  the  procedure  for  obtaining  a continuously  nucleated  microstructurc. 

Harly  termination  of  this  run  (after  13.5  hours)  was  necessary  because  of  soot  formation  at  the  exit 
tube.  The  1.00-inch  restrictor  was  responsible  for  the  sooting  and  was  eliminated  in  future  runs. 

During  cooldown  the  coating  shattered  extensively  (Figure  228).  Post-deposition  measurements  showed 
the  coating  to  be  15-24  mils  thick  at  the  ends  and  40-4 1 mils  thick  in  the  throat  area. 

7.4.2  Establish  Process  Parameters  to  Produce  a CN 

Microstructure  (M-21 2,  M-213.  M-214) 

The  objective  of  these  three  runs  (M-212,  M-213  and  M-214)  was  to  develop  a continuously  nucleated 
and  uniform  microstructurc  using  the  configuration  that  was  defined  by  run  M-21 1 . The  parameter  used  to  control 
the  microstructure  was  the  deposition  pressure.  The  delicate  balance  between  soot  formation  and  a regenerative 
microstructurc  was  achieved  in  run  M-214  with  the  deposition  of  a fairly  uniform  material  of  the  previously 
determined  desired  microstructure 

All  three  parts  cracked  extensively,  both  axially  and  circumferentially  during  cooldown.  Photographs  of 
the  three  parts  were  taken  and  are  shown  in  Figures  22*4,  230,  and  231.  Photomicrographs  of  polished  material 
samples  from  M-21 3 and  M-214  are  shown  in  Figures  232  and  233. 
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MO  1 2 ami  MOM  were  extremely  rough  in  surface  texture  indicating  a high  degree  of  sooting  in  the  gas 
phase  during  deposition.  MO  1 3 was  somewhat  smoother  but  contained  many  large  nodules;  again  an  indication  of 
excessive  gas  phase  sooting. 

Microscopic  examination  of  the  polished  coating  samples  showed  the  degree  of  renucleation  to  have 
varied  during  deposition  in  all  three  runs.  The  most  abrupt  change  occurred  about  half  way  through  MO  12  where 
the  microstructure  changed  from  moderately  regenerative  to  highly  regenerative.  A similar  but  less  abrupt  change 
occurred  in  MOI3,  in  which  instance  the  microstructure  changed  from  substrate  nucleated  to  moderately 
regenerative  about  halfway  through  the  thickness.  MOM  showed  the  least  change  in  microstructure  with  deposition 
time  starting  with  a substrate  nucleated  material  and  changing  gradually  to  a moderately  regenerative  structure  about 
one-fourth  of  the  way  through  the  thickness. 

The  wall  thickness,  in  all  three  parts,  was  approximately  0.300  inch  in  the  throat  area  and  0.150  inch  at 

the  ends. 

7.4.2. 1 Final  System  Adjustments  (M-216,  M-218) 

Deposition  runs  M-216  and  M-218  were  made  in  order  to  adjust  the  process  as  necessary'  to  produce  the 
required  0.300-inch  wall  throat  inserts.  Beginning  with  run  M-2lb  the  set-up  was  redesigned  for  a 0.300-inch  wall 
rather  than  the  0.600-inch  wall  allowance  on  mandrels  used  in  the  previous  runs.  Additional  changes  introduced 
successfully  in  run  M-216  were  modifications  of  the  top  and  bottom  chambers  ot  the  set-up  to  minimize  sooting, 
and  addition  of  baffles  within  the  part  to  improve  axial  coating  thickness  distribution. 

Post  deposition  examination  of  M-216  showed  the  part  to  be  crack-free  on  removal  from  the  lurnace.  At 
this  time  the  part  was  still  quite  warm.  The  upstream  (large  diameter)  end  of  the  part  released  immediately  from  the 
end  ring.  However,  the  downstream  ring  would  not  release  and  consequently  restrained  this  end  of  the  part  causing  it 
to  crack  during  cooldown  to  room  temperature.  Figure  234  shows  this  part  after  a section  of  the  downstream  end 
had  been  removed.  The  spiraling  crack  is  evident . 

M-218  was  crack-free  on  removal  from  the  furnace  at  1 10  to  I20°F  and  both  end  rings  were  readily 
removed.  After  subsequent  cooldown  (100  hours)  the  part  had  developed  several  spiraling  cracks  starling  at  the 
upstream  end.  These  cracks  initiated  at  small  notches  that  formed  at  the  edge  when  the  end  ring  was  broken  away 
from  the  part.  Efforts  to  stop  the  largest  crack  by  drilling  a hole  in  its  path  were  unsuccessful.  Figure  235  shows  the 
part  after  the  cracks  had  fully  developed. 

A full  coating  thickness  profile  was  made  of  both  M-216  and  M-218  and  this  is  shown  in  Table  13. 

Figure  236  shows  the  coating  microstructure  achieved  in  M-218. 

7.4. 2. 2 Cylinders  for  Characterization  (M-215.  M-216) 

To  produce  material  of  the  desired  regenerative  microstructure  for  physical  properties  testing,  two 
deposition  runs  were  conducted  in  the  furnace  used  for  fabricating  the  throat  insert  shapes  utilizing  similar 
deposition  parameters.  These  two  runs  used  cylindrical  mandrels  sized  such  that  processing  information  gained  in 
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making  these  cylindrical  parts  would  be  of  direct  use  in  the  final  adjustment  phase  of  the  developmental  runs  which 
were  being  conducted  concurrently.  Photographs  of  the  two  tubes  fabricated  are  shown  in  Figures  237  and  238. 

The  second  of  these  tubes  (M-217)  was  of  the  desired  microstructure  and  coating  thickness.  This  tube 
was  sectioned  and  utilized  by  SoRI  to  determine  the  physical  properties  of  a typical  renucleated  pyrolytic  graphite 
material  manufactured  by  the  same  techniques  utilized  in  fabricating  the  seven  subsequent  nozzle  throat  inserts.  The 
physical  properties  data  obtained  arc  reported  in  Section  5. 

7.4.3  Production  Runs 

The  production  phase  which  was  intended  to  produce  two  throat  inserts  of  0.300-inch  wall  thickness 
included  seven  furnace  runs,  three  of  which  were  aborted,  before  the  program  was  halted.  The  purpose  of  the  first 
and  second  of  these  runs  was  to  achieve  process  reproducibility  and  the  purpose  of  the  last  five  runs  was  to  produce 
the  required  throat  inserts.  . 

7.4.3. 1 Achieve  Process  Reproducibility  (M-219,  M-220) 

The  ob  ject  of  conducting  Runs  M-219  and  M-220  was  to  achieve  a high  degree  of  reproducibility  in  the 
process  conditions  used  to  fabricate  the  throat  inserts.  One  modification  made  for  these  runs  was  a reduction  in 
diameter  of  the  lower  stack  ling  to  improve  the  wall  thickness  uniformity.  Two  runs  were  necessary  in  this  phase 
because  the  first  run,  M -2 19,  was  unsuccessful  due  to  an  equipment  malfunction. 

Deposition  Run  M-219  was  halted  after  1 .75  hours  of  deposition  due  to  a vacuum  pump  malfunction,  but 
the  run  was  restarted  a short  time  later.  The  temperature  had  dropped  to  I.IOO'C  during  the  down  penod  and  was 
lecstablishcd  before  resuming  the  deposition.  The  resulting  part  had  a double  wall  giowth  due  to  an  undetected 
mandrel  breakage  that  occurred  while  the  furnace  cooled  to  1.I00°C  the  first  time  Post  run  calculations  estimated 
that  the  mandrel  broke  at  about  I ,(i00°('  during  temporary  shutdown.  Figure  23l>  shows  the  part  alter  it  was 
removed  from  the  furnace. 

Run  M-220  was  completed  as  planned,  but  a portion  of  the  Pt«  deposn  adhered  to  the  mandrel  and  was 
torn  from  the  insert  shape.  A crack  beginning  at  the  torn  patch  on  the  external  surface  at  the  small  end  propagated 
along  the  internal  surface  to  within  a few  inches  of  the  large  end.  f igure  240  shows  the  crack  as  viewed  from  the 
large  end. 

This  part  was  also  used  to  establish  machining  techniques  for  trimming  the  ends  from  the  inserts.  Figure 
241  shows  the  inseit  and  the  ends  that  were  trimmed  from  it.  Also  visible  in  this  photograph  is  the  torn  patch  on  the 
external  surface  at  the  small  end  of  the  part. 

7.4.3. 2 Produce  Deliverable  Parts  (M-221 . M-222.  M 223.  M-224,  M-225) 

The  last  five  deposition  runs  wore  made  in  an  attempt  to  produce  the  specified  free-standing  I’ll  lli.oal 
inserts.  Two  of  the  runs.  M-222  and  M-225,  produced  insert  shapes  that  were  removed  from  the  furnace  intact,  but 
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Figure  237.  Both  Sections  of  Specimen  Characterization  Tube  Fabricated 
During  Run  M2 15. 


■ 


306 


Figure  240.  Throat  Insert  Fabricated  During  Run  M220.  Upstream  End  View. 


Figure  241.  Throat  Insert  Fabricated  During  Run  M220  Side  View. 


cracked  during  the  subsequent  machining  process.  One  run,  M-224,  produced  a part  which  was  cracked  before 
removal  from  the  furnace.  The  remaining  two  production  runs,  M-221  and  M-223,  were  aborted  early  due  to  failure 
of  the  mandrel  to  maintain  its  structural  integrity. 

Figures  242  through  246  show  the  parts  fabricated  in  Runs  M-221  through  M-225. 

The  part  fabricated  during  Run  M-224  was  sectioned  and  across  thickness  photomicrographs  were  taken 
to  show  the  typical  moicrostructure  achieved  during  this  series.  See  Figure  247.  A definite  shift  in  microstructure 
from  slightly  regenerative  to  a moderatly  regenerative  can  be  seen  about  15  percent  of  the  way  through  the  coating 
thickness.  An  axial  coating  thickness  profile  was  also  constructed  and  is  shown  in  Figure  248. 
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Figure  245.  Throat  Insert  Fabricated  During  Run  M224. 


Figure  247.  Microstructure  of  Throat  Insert  Fabricated  During  Run  M224.50X. 


8.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


This  report  has  described  the  efforts  of  a twelve-month  activity  to  develop  and  demonstrate  the  use  of 
commercially  available  a-b  plane  pyrolytic  graphite  inserts  in  solid  propellant  rocket  nozzles.  A number  of  significant 
accomplishments  were  achieved;  even  though  the  end  item  objective  of  designing,  fabricating,  and  testing  a 7.0-inch 
throat  diameter  a-b  plane  PC  insert  was  not  successfully  met.  Based  upon  both  the  successful  and  unsuccessful 
aspects  of  the  program  efforts,  several  conclusions  and  recommendations  may  be  given. 

8.1  Conclusions 

Relative  to  the  design  analysis  efforts,  the  major  conclusions  reached  based  upon  the  results  are 
summarized  as  follows: 

1.  The  material  property  data  obtained  from  the  thermal  and  mechanical  property  test 
results  indicate  that  the  material  properties  of  the  pyrolytic  graphite  produced  by 
Pfizer  for  this  program  are  very  similar  to  those  identified  initially  for  continuously 
nucleated  pyrolytic  graphite. 

2.  Higher  factors  of  safety  for  the  design  concepts  considered  can  be  obtained  with  a 
continuously  nucleated  material  than  can  be  obtained  with  a substrate  nucleated 
material. 

3.  The  compressive  failure  strains  at  S,000°F  (>1.35%)  and  the  interlaminar  shear 
strengths  (>1 ,500  psi)  obtained  for  the  Pfizer  material  exceed  the  values  established  as 
being  required  to  maintain  structural  integrity  during  nozzle  firing  conditions. 

4.  The  assumption  that  residual  stress  developed  during  cooldown  is  a function  of  only 
the  material  anisotropy  is  acceptable  for  this  pyrolytic  graphite  material.  This  is  based 
upon  the  good  agreement  between  residual  stress  calculations  and  residual  stress  test 
results. 

5.  The  evaluation  of  the  interaction  of  stress  states,  strength  properties,  and  failure 
theories  based  upon  manufactured  components  indicates  that  the  7.0-inch-diameter 
pyrolytic  graphite  nozzle  inserts  can  be  fabricated  if  the  thickness  is  limited  to  0.27 
inch. 

6.  Acceptable  factors  of  safety  are  predicted  for  both  the  dual  layer  and  the  single  layer 
insert  design.  Minimum  factors  of  safety  for  the  two  concepts  are  very  nearly  the 
same;  however,  the  minimum  factor  of  safety  for  the  single  layer  design  occurs  much 
earlier  in  the  firing. 

7.  Based  upon  the  buckling  analysis,  with  PC  thicknesses  of  0.150  inch  or  greater, 
structural  stability  of  the  insert  will  not  present  a design  problem. 
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Conclusions  relative  to  the  design  methodology  are  summarized  as  follows: 

1.  Analytical  study  and  evaluation  of  the  shear  test  specimens  and  stress  distributions  in 
the  specimens  indicate  that  property  data  values  are  much  different  from  those 
obtained  by  assuming  an  average  stress  in  the  gage  section. 

2.  Multiaxial  failure  criteria,  as  used  in  this  program,  predicted  the  onset  of  fracture 
reasonably  well.  Uniaxial  failure  criteria  predictions  were  not  acceptable.  Also 
conclusions  reached  on  the  basis  of  past  failures  together  with  uniaxial  failure  theories 
are  necessarily  suspect. 

3.  For  the  design  concepts  considered  here,  the  effects  of  heat  transfer  through  the 
exposed  front  edge  of  the  insert  have  a pronounced  influence  on  the  predicted 
in-depth  temperature  distributions. 

4.  Much  of  the  uncertainty  in  establishing  an  acceptable  design  approach  was  due  to  the 
large  scatter  in  the  results  of  a relatively  small  number  of  strength  and  modulus  data. 

5.  In  the  case  of  the  pyrolytic  graphite  inserts  investigated  here,  the  significant  stress 
levels  which  developed  upon  cooldown  and  the  subsequent  failure  due  to  those 
residual  stresses  provided  a means  to  check  certain  of  the  stress  and  failure  predictions 
prior  to  actual  firing.  Additional  confidence  in  the  analytical  predictions  for  the 
behavior  of  the  insert  for  actual  firing  conditions  was  therefore  obtained. 

Several  observations  may  be  made  with  respect  to  the  efforts  to  fabricate  the  desired  pyrolytic  graphite 
throat  inserts.  These  are: 

1.  The  state-of-the-art  of  fabrication  of  pyrolytic  graphite  in  free-standing  closed  shapes 
with  the  double  curvature  of  nozzle  inserts  is  not  yet  to  the  point  that  such  parts  can 
be  considered  as  commercially  available  “off-the-shelf’  items. 

2.  Continuously  nucleated  pyrolytic  graphite  components  having  fairly  uniform 
microstructure  were  fabricated  in  large  sizes  with  relatively  thick  walls  in  cylindrical 
shapes  and  in  nozzle  insert  shapes,  having  very  similar  microstructures  in  each.  The 
degree  of  renucleation,  however,  was  somewhat  less  than  was  originally  sought  because 
of  the  sensitivity  of  the  tendency  to  sooting  to  the  process  conditions.  The  process 
control  requirements  necessary  to  produce  the  highly  continuously  nucleated 
microstructure  appear  to  be  outside  the  limits  of  those  typical  for  production  type 
deposition  equipment.  Fven  so,  the  microstructure  *which  was  obtained  consistently 
was  judged  to  be  acceptable  for  the  intended  application. 

3.  Relative  to  the  fabrication  attempts,  then,  essentially  all  objectives  of  size,  shape, 
microstructure  and  its  uniformity  were  achieved;  a crack-free  insert  with  the  desired 
wall  thickness  was  not  achieved,  however. 
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4.  On  the  basis  of  the  results  obtained  in  the  last  two  attempts  (M-224  and  M-225)  to 
reduce  the  insert  thickness  from  0.32  inch  to  0.25  inch  maximum,  the  process 
variables  and  their  influence  on  deposition  rate  are  not  well  understood,  and  the 
thickness  of  the  deposits  apparently  can  be  determined  finally  only  by  trial  and  error. 

8.2  Rerommenda  lions 

Based  upon  the  accomplishments  and  the  conclusions  given  above,  some  recommendations  about  a-b 
plane  pyrolytic  graphite  throat  inserts  and  about  nozzle  design  analysis  in  general  can  be  given  and  are  as  follows: 

1.  The  literature  sources  for  thermal  and  mechanical  properties  for  pyrolytic  graphite 
provide  a reasonable  starting  point  as  input  for  analysis.  It  requires  that,  in  using  such 
data,  care  he  exercised  in  distinguishing  between  the  different  types  of  material  that 
can  be  produced.  Characterization  of  the  material  is  required,  of  course,  but  emphasis 
should  be  placed  upon  the  conduct  of  tests  to  obtain  data  on  properties  such  as 
interlaminar  shear,  and  c-direction  tension  for  which  the  data  is  either  lacking  or 
suspect . 

2.  For  all  the  properties,  sufficient  testing  should  be  done  to  establish  a reasonable 
statistical  basis  for  behavior  and  allowables,  particularly  the  critical  ones  of 
compressive  strengths  and  interlaminar  shear  strengths.  Included  here  also  should  be 
the  multiaxial  properties  necessary  to  establish  the  constants  for  the  multiaxial  failure 
theories,  and  to  determine  the  effects,  if  any,  of  multiaxial  loads  on  the  prediction  of 
stress  (and  strain)  states. 


3.  Although  the  assumption  that  the  residual  stress  could  be  determined  by  considering 
only  the  effects  of  anisotropy  was  acceptable  for  this  material,  it  is  known  that  this 
may  not  be  the  case  in  general.  Therefore,  this  assumption  should  not  be  used  unless  it 
is  substantiated  by  actual  test  data.  Moreover,  the  mechanisms  causing  residual  stress 
should  be  investigated,  and  a consistent  approach  to  treating  residual  stress  in  nozzle 
design  analysis  should  be  developed  for  those  situations  in  which  effects  other  than 
anisotropy  are  important. 


4.  Since  the  dual-layer  insert  design  offered  no  real  advantage,  any  future  attempt  to 
produce  and  test  a free-standing  a-b  plane  PG  insert  should  use  the  single  layer 
concept.  In  fact,  since  minimum  factors  of  safety  were  developed  early  in  the  firing  for 
the  single  layer  design,  the  test  firing  duration  required  to  validate  the  design  approach 
for  the  single  layer  design  is  shorter  than  that  required  for  the  dual-layer  design. 

5.  Although  the  buckling  analysis  indicated  that  structural  stability  for  the  insert  would 
not  be  a problem  for  the  design  concepts  presented  here,  the  possibility  of 
“micro-buckling”  of  the  pyrolytic  graphite  remains.  Further  study  of  buckling  at  the 
micro-level  is  required.  Testing  approaches  developed  specifically  for  this  purpose 
would  be  necessary.  The  approaches  could  perhaps  be  applied  to  other  materials  such 
as  carbon/carbons  in  which  micro-buckling  of  fibers  has  been  observed. 
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6.  The  value  of  test  specimen  design  studies  was  well  illustrated  by  the  results  obtained 
with  the  finite  element  analysis  of  the  shear  strength  specimen.  The  question  of 
interpretation  of  test  results  for  other  test  specimens  is  one  which  needs  additional 
study  using  the  available  tools  of  finite  element  codes,  micromechanics  analysis  and, 
where  available,  closed  form  solutions. 

7.  The  question  of  the  right  or  the  acceptable  failure  criterion  for  nozzle  design  analysis 
is  an  important  one.  The  results  of  this  study  have  shown  the  inadequacy  of  uniaxial 
criteria.  The  multiaxial  criteria  exhibited  more  realistic  predictions  but  the  correct 
theory  was  not  defined  and  fully  explored.  For  rocket  nozzle  design  analysis,  a 
realistic  and  reasonably  accurate  means  for  predicting  potential  failure  is  vital. 

8.  In  the  design  and  analysis  efforts  conducted  here,  the  problem  of  residual  stresses  and 
the  subsequent  failure  of  parts  due  to  residual  stress,  was  not  completely  solved. 
However , the  results  of  the  deposition  efforts  together  with  the  analysis  of  cooldown 
did  provide  a means  to  validate  the  analysis  techniques  at  a point  intermediate 
between  material  characterization  and  the  application  of  the  property  test  data  to  the 
design  of  actual  hardware.  It  illustrates  the  value  and  advantages  which  can  be  achieved 
through  the  availability  of  information  about  the  deformation  and  failure  of  materials 
which  are  to  be  used  in  nozzle  applications.  The  same  or  similar  kinds  of  information 
could  be  obtained  on  PG  and  other  materials  such  as  carbon/carbon  composites  by 
developing  and  using  test  techniques  designed  to  check  the  validity  of  material 
properties  and  analysis  methods. 

9.  The  results  of  the  fabrication  efforts  point  up  the  fact  that  very  few  “advanced” 
materials  can  really  be  considered  as  commercially  available  “off-the-shelf”  items.  For 
the  most  part  such  materials  are  only  commercially  available  once  they  have  been 
made  to  the  required  specifications,  characterized,  tested,  analyzed,  and  subjected  to 
the  application  for  which  they  are  intended.  Reaching  outside  the  scope  of  what 
currently  exists  must  always  be  approached  recognizing  that  significant  developmental 
efforts  will  very  likely  be  required. 

10.  As  it  exists  now,  if  the  design,  fabrication,  and  test  firing  of  a-b  plane  pyrolytic 
graphite  nozzle  inserts  is  pursued,  several  aspects  of  fabrication  should  be  recognized 
at  the  outset  as  requiring  specific  attention.  These  include  the  systematic  approach  to 
determining  the  practical  limits  of  continuously  nucleated  microstructure  and 
thickness,  the  most  appropriate  methods  of  termination  for  the  deposit,  improved 
methods  of  machining,  and  other  possible  mandrel  materials. 
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10.0  LIST  OF  SYMBOLS 


1. 

a-b(A-B)  

"> 

a (subscript)  

3. 

A 

4. 

A*  

5. 

a 

6. 

b (subscript)  

7. 

c (subscript)  

8. 

CP  

9. 

C(  subscript) 

10. 

CH  

11. 

CM  

12. 

E 

13. 

EPSN 

14. 

EPST 

15. 

6 

16. 

°F 

17. 

F. 

s 

18. 

Ft  

1 

19. 

Fr  

1 

20. 

G 

21. 

ID 

22. 

V 

23. 

OD  

24. 

Pn 

25. 

P: 

26. 

P 

27. 

qrad  

28. 

tkJEe  

29. 

r 

30. 

R 

31. 

r„ 

32. 

p 
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33.  SG  Specific  Gravity 

34.  SIGN Axial  Stress 

SIGT  Hoop  Stress 

SIGM Radial  Stress 

o Stefan-Boltzman  Constant  or  with  Subscript,  Stress 

T Temperature 

t Thickness 

8 Coordinate 

t Shear 

TAUMN  Shear  Stress 

z Coordinate 
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Dear  Mr.  Tomlinson: 

This  is  the  final  report  for  work  done  under  Purchase 
Order  E-06764  of  Prime  Contract  F09611-75-C-008 . The 
purpose  of  this  program  was  to  evaluate  the  properties 
delineated  in  Table  1 for  a Pfizer  Pyrolytic  graphite  in 
cylindrical  form.  The  cylinder  provided  by  ARC  was  nominally 
five  inches  long  (axial  dimension)  with  a 7.8  inch  OD  and 
0.190  inch  wall  thickness.  Examination  of  the  material  by 
photomicrograph  or  Scanning  Electron  Microscope  was  not 
included  in  this  program.  Visual  inspection  revealed  a cone 
structure  evident  of  some  continue  is  nucleation  although  this 
was  not  dramatic.  The  structure  is  best  described  as  between 
what  is  generally  considered  substrate  nucleation  and  con- 
tinuous nucleation.  This  is  consistent  with  the  verbal 
description  provided  by  ARC  and  Pfizer. 

As  shown  on  Table  1,  several  evaluations  were  required 
in  the  "a-b"  plane.  The  nomenclature  adopted  for  this  program 
assigns  the  material  "a"  direction  parallel  to  the  cylinder  axis 
(Z),  the  "b"  direction  as  circumferential  (0)  and  the  "c"  direction 
as  radial  (r).  Since  the  material  is  considered  to  be  iso- 
tropic in  the  "a-b"  plane  and  evaluation  of  circumferential 
specimens  would  present  several  unique  problems,  all  "a-b" 
specimens  were  taken  out  with  the  test  direction  oriented 
along  the  "a"  (Z)  axis.  Interlaminar  shear  strength  was  evaluated 
similarly.  The  shear  modulus  determination  was  conducted  in 
a fashion  suitable  for  determining  two  values;  G0z  and  Grz  = 

G Q.  In  the  material  axis  system  these  are  G.  and  G „ = G . . 
r0  2 ba  ca  cb 

Methodologies  will  be  discussed  later. 
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Table 


PG  Cylinder  Evaluation  Matrix 


Evaluation 

Type 

Temperature  in  °1 

F 

RT 

1500 

3500 

5000 

Compression-" a-b" 

2 

- 

2 

2 

Compression-" c" 

3 

- 

- 

- 

Tension-" a-b" 

3 

- 

3 

- 

Unit  Thermal 

Expansion- " a-b" * 

2 — 



Unit  Thermal 

Expans ion- " c" * 

2 



Shear  Strength 

Interlaminar 

3 

3 

5 

3 

Shear  Modulus 

3 

- 

- 

- 

♦Unit  thermal  expansion  measurements  were 
conducted  twice  on  these  specimens  to 
evaluate  the  effects  of  a repeated  thermal  cycle 
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The  evaluation  matrix  presented  in  Table  1 represents 
the  experiments  actually  performed  for  property  determination. 
This  is  slightly  different  from  the  specification  in  the 
Statement  of  Work.  At  the  request  of  ARC  three  interlaminar 
shear  evaluations  at  1500°F  and  two  at  3500°F  were  added  to 
the  matrix  and  three  tensile  tests  deleted.  The  five 
additional  specimens  were  made  from  the  deleted  tensile 
specimen  blanks. 

The  cutting  plans  used  to  specify  locations  for  removal 
of  specimens  are  shown  in  Figures  1 and  2.  Prior  to  layout 
of  the  cylinder  for  specimen  removal,  a series  of  axial  cuts 
were  made  to  stress  relieve  the  part  and  determine  the  extent 
to  which  it  changed  dimensionally.  This  was  accomplished 
by  etching  marks  approximately  one-half  inch  apart  on  the 
outside  circumference.  Single  saw  cuts  were  then  made  between 
these  marks  until  the  cylinder  no  longer  sprang  together  after 
a cut.  The  amount  the  etched  marks  came  together  and  the 
change  in  ID  and  OD  were  then  measured.  The  average  OD  and 
ID  prior  to  contraction  was  7.838  inches  and  7.461  inches, 
respectively . The  measurements  were  made  at  four  locations 
and  OD  varied  by  ±0.003  inches  while  ID  varied  by  ±0.006 
inches.  After  the  cylinders  were  cut  the  OD  and  ID  measure- 
ments were  7.675  ±0.002  inches  and  7.301  ±0.006  inches, 

respectively.  A circumferential  contraction  of  0.528  inches 
was  measured. 

When  cutting  began  for  specimen  removal  two  things  were 
noted.  First  a crack  was  found  near  one  end  of  the  cylinder 
which  went  through  the  wall.  A section  about  2-1/2  inches 
axially  and  1-1/2  inch  circumferentially  was  made  unusable 
by  the  crack.  It  was  necessary  to  relocate  specimens  to  avoid 
the  cracked  area.  The  general  shape  and  location  of  the  crack 
is  shown  on  Figure  1. 
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Another  unexpected  behavior  was  noted  when  the  tensile 
specimen  blanks  were  removed.  When  placed  against  a flat 
surface,  they  exhibited  a decided  bowing  in  the  axial/radial 
plane.  The  center  deflection  was  measured  for  the  ten  specimens 
and  averaged  0.0178  inches.  Actual  measurements  by  specimen 
number  are  given  in  Table  2.  There  was  no  apparent  bow  in 
the  shorter  blanks  with  the  exception  of  the  torsional  (SM- 
shear  modulus)  specimens.  These  deflected  only  0.001-0.002 
inches  which  was  considered  negligible  in  the  property  measure- 
ment. The  deflection  of  the  specimen  center  was  toward  the 
axis  of  the  cylinder  in  all  cases. 

Specimen  Configurations 

The  axial  compressive,  tensile,  interlaminar  shear 
strength  and  torsional  specimens  used  for  evaluations  in  this 
program  are  shown  in  Figures  3 through  7.  Radial  compaction 
was  also  evaluated  using  three  1/4  inch  diameter  x 0.175  inch 
thick  disks.  Shear  modulus  in  the  Z0  ("a-b")  plane  was  deter- 
mined from  two  curved  plates,  one  2 inches  x 2 inches  x 0.150 
inches  and  the  second  1.5  inches  x 1.5  inches  x 0.190  inches. 

The  first  plate  was  more  nearly  ideal  for  this  measurement  but 
was  inadvertently  broken  after  the  first  measurement.  The 
second  plate  was  taken  from  the  remaining  material  and  evaluated 
primarily  as  a check  on  the  single  test  of  the  first  plate. 

Unit  thermal  expansion  specimens  for  Z direction  measure- 
ments were  0.175  inches  x 0.175  inches  x 3.0  inches.  Measure- 
ment of  radial  ("c")  direction)  expansion  was  accomplished  by 
stacking  twenty  pieces  1/4  inches  x 1/4  inches  x 0.150  inches 
to  obtain  a three  inch  specimen. 

As  reflected  by  Figures  5 and  6,  two  gage  areas  were  used 
for  interlaminar  shear  strength  measurements.  Pyrolytic 
graphite  generated  by  continuous  nucleation  has  typically 
exhibited  an  increase  in  interlaminar  shear  strength  with 
increasing  temperature.  This  necessitated  a reduction  in  gage 
area  to  avoid  destructing  the  graphite  loading  fixture  prior 
to  specimen  failure. 
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Evaluation  Techniques 

All  tensile  evaluations  were  performed  in  a gas-bearing 
tensile  facility.  This  facility  utilizes  gas-bearings  in 
the  load  train  to  eliminate  kinking  and  the  introduction  of 
unknown  bending  stresses  in  the  specimen  in  order  to  provide 
a true  uniaxial  load.  Clip-on  strain  gage  extensometers 
were  attached  to  graphite  clamps  on  the  specimen.  Two  exten- 
someters (one  on  each  side)  were  used.  These  were  balanced 
to  compensate  as  much  as  possible  for  specimen  bending.  This 
arrangement  is  shown  schematically  in  Figure  8 . The  gas- 
bearing tensile  facility  is  described  generally  in  Appendix  A. 

The  cylindrical  curvature  of  the  specimen  required  that 
special  grips  be  machined  from  graphite  to  accommodate  them. 

The  load  was  introduced  into  the  specimen  at  the  tab  lip 
(see  Figure  4)  as  interlaminar  shear.  The  grips  were  hand 
fitted  to  the  specimens  and  worked  as  anticipated  at  room 
temperature.  Some  wedging  and  slipping  was  encountered  at 
3500°F  due  to  the  mismatch  of  expansion  in  the  grips  and 
specimens.  This  did  not  substantially  affect  the  data 
obtained . 

All  of  the  axial  compressive  evaluations  were  performed 
in  the  gas-bearing  compressive  facility.  Gas-bearings  were 
installed  on  each  end  of  the  load  train  to  permit  precise 
alignment  of  the  load  train  and  the  specimen.  The  gas-bearings 
and  the  load  train  are  shown  diagramatically  in  Figure  9.  A 
general  description  of  the  gas-bearing  compressive  facility 
is  included  in  Appendix  B. 

The  compressive  specimens  were  loaded  via  graphite  anvils 
with  curved  slots  machined  to  conform  to  the  specimen.  Lateral 
supports  were  machined  to  conform  to  the  convex  and  concave 
faces  of  the  specimen  in  order  to  delay  the  onset  of  buckling. 
Targets  for  the  optical  strain  analyzer  were  attached  to  the 
specimen  edges  via  small  graphite  clamps. 
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The  interlaminar  shear  specimens  shown  earlier  were 
loaded  in  compression  using  graphite  anvils  slotted  to  hold 
the  specimen  aligned.  The  anvils  were  fitted  in  a special 
graphite  loading  sleeve  to  insure  alignment  and  each  gage 
section  was  fully  supported  by  close  fitting  lateral  spacers 
to  prevent  bending.  The  sleeve  was  loaded  in  a gas-bearing 
tensile  facility. 

The  shear  modulus  determinations  were  conducted  using 
two  techniques  to  isolate  individual  moduli.  Torsion  of  an 
axial  rectangular  specimen  about  the  Z axis  and  measurement 
of  the  resulting  angular  deflection  was  conducted  as 
described  in  our  report  to  ARC  under  Purchase  Order  94561. 
The  report  number  was  SoRI-EAS-74-068 , March  1974.  This 
evaluation  allowed  determination  of  the  relationship 
between  G and  G = G That  relationship  is  given  by1 

121323 


M 

— = G ab36 (c) 

0 12 

v/here  a 

b G 

1 2 

and  B(c)  is  the  function  shown  on  Figure  9.  The  other  para- 
meters and  constants  are 

M = applied  moment 
0 = relative  rotation  of  gage 
a = width  (0  direction)  of  gage 
b = thickness  (r  direction)  of  gage 

With  G determined  from  another  experiment,  G could  be 

12  2 3 

isolated. 


lLekhnitskii , S.  G.  Theory  of  Elasticity  of  an  Anistropic 
Body , Holden-Day,  Inc. , 1963. 
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The  plate  test  specified  by  ASTM  C3044-72  was  used  to 
determine  the  in-plane  (GJ2)  modulus.  The  geometry  of  this 

arrangement  is  shown  in  Figure  10.  Data  obtained  in  this 
evaluation  consisted  of  load  applied  (P)  and  differential 
deflection  (6.)  between  the  probes  on  the  diagonals.  The 

required  equation  is 


G = 3Pd2/25  .t 3 
1 2 d 

where  d is  the  radius  from  the  center  of  the  plate  to  the 

probes  and  t is  the  plate  thickness.  A small  Instron  Testing 

machine  was  used  for  loading  and  a differential  deflection 

device  built  at  SoRI  used  for  6 measurement. 

d 

Thermal  expansion  measurements  were  made  from  about  70 °F 
to  1700°F  utilizing  the  quartz  tube  dilatometer  and  a dial 
gage.  The  required  specimen  heat  input  was  obtained  from 
electric  resistance  heaters  and  measured  via  thermocouple. 

Thermal  expansion  measurements  were  made  from  70°F  to 
5000 °F  utilizing  the  graphite  dilatometer  with  a dial  gage. 
The  specimen  was  heated  radiantly  in  a graphite  tube  furnace. 

The  uncertainty  in  measurements  for  both  apparatuses 
using  the  standard  3-inch  long  specimens  utilized  in  this 
program  is  estimated  at  ±5  percent.  These  apparatuses  are 
described  in  Appendix  C. 


Results  and  Observations 


Mechanical  Evaluations 

The  composite  results  of  the  tensile,  compressive,  shear 
strength  and  shear  modulus  evaluations  are  presented  in 
Figures  11  through  15  and  Tables  3 through  6.  The  raw  data 
curves  are  included  in  Appendix  D. 
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The  tensile  data  do  not  exhibit  the  trend  of  a highly 
substrate  nucleated  PG  which  usually  has  a decrease  in  modulus 
at  3500°F.  The  increase  in  tensile  modulus  at  3500°F  shown 
in  Figure  11  has  been  noted  on  some  continuously  nucleated  PG 
and  seems  to  depend  on  process  variables  since  other  regener- 
ative PG  exhibits  the  opposite  character.  The  average  values 
obtained  here  were  3.36  x 10 6 psi  at  room  temperature  and 
4.49  x 10 6 psi  at  3500°F.  The  data  curves  do  not  show  any 
discernable  effect  due  to  the  bow  in  the  specimen. 

The  strength  obtained  from  the  tensile  evaluations  is 
presented  on  Figure  12.  Substantial  scatter  is  apparent  and 
probably  due  to  a combination  of  factors.  The  stress  state 
in  the  specimen  was  complicated  by  two  external  factors: 
the  longitudinal  curvature  and  the  mismatch  in  expansion 
between  extensometer  attachments  and  the  specimen.  This 
would  cause  stress  concentrations  in  the  area  of  the  flags. 
Nodule  size  distribution  also  appeared  to  influence  the 
results  at  room  temperature.  The  two  lowest  values  were 
obtained  from  specimens  that  fractured  around  larger  than 
average  nodules.  No  similar  characteristic  was  observed 
at  35CJ°F  since  the  highest  values  were  obtained  from 
specimens  fracturing  near  larger  nodules.  Examination  of 
X-Ray,  sonic  velocity  and  density  data  did  not  reveal  any 
notable  relationships  to  modulus  or  strength  data. 

The  modulus  and  strength  measurements  obtained  from 
compressive  evaluations  are  shown  in  Figures  13  and  14. 

The  trends  of  the  data  obtained  are  typical  of  previous 
measurements  reported  in  the  literature  for  regenerative 
PG.  Some  problems  were  encountered  in  loading  two  specimens 
resulting  in  breakage  prior  to  test.  The  third  run  at  3500°F 
was  deleted  in  order  to  run  a fourth  tensile  specimen. 

The  results  of  the  interlaminar  shear  strength  evalua- 
tions are  shown  on  Figure  15  as  a function  of  temperature. 

The  increasing  strength  at  elevated  temperature  is  typical 
of  continuously  nucleated  PG.  Substantial  scatter  in  values 
is  notable  at  350C°F  and  contrasts  to  the  grouping  of  the 
other  data.  As  shown  on  Table  5,  a mixture  of  two  gage 
sections  (1/4  inch  x 1/2  inch  and  1/2  inch  x 1/2  inch)  was 
used  at  this  temperature.  Specimen  numbers  IS-14  and  IS-15 
were  added  after  IS -4  yielded  a particularly  low  value. 

These  yielded  intermediate  values  between  IS-4  (1/2  inch  x 
1/2  inch  gage)  and  IS-2  (1/2  inch  x 1/4  inch  gage) . 
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Previous  work  with  carbon/carbon  using  mixes  of  these 
gage  sections  has  always  yielded  comparable  data  between 
experiments.  Since  stress  concentrations  should  be  largely 
load  and  gage  section  independent  there  is  no  apparent 
analytical  explanation  for  a gage  area  effect.  No  correla- 
tion between  density  or  sonic  velocity  values  and  strength 
was  found.  Visual  observation  of  the  fracture  surfaces  of 
all  specimens  revealed  one  observation  of  interest.  All 
room  temperature,  1500°F  and  low  value  3500°F  specimens 
had  irregular  and  random  "flecking"  ("a-b"  plane  peeling) . 

The  high  value  3500°F  and  all  three  5000°F  specimens  ex- 
hibited a regularity  in  pattern  and  were  generally  aligned 
along  lines  perpendicular  to  the  load  direction.  The  inter- 
mediate 3500°F  specimen  (IS-15)  showed  similar  characteristics 
although  the  regularity  was  not  as  pronounced.  It  is  possible 
that  a material  transition  is  taking  place  fairly  rapidly  at 
3500°F,  and  the  exact  state  of  the  material  during  the  ex- 
periment is  unknown.  Additional  studies  to  explore  this 
were  not  within  the  scope  of  this  program. 

The  shear  modulus  evaluations  were  conducted  only  at 
room  temperature.  Three  torsional  rods  were  used  and  two 
plates.  The  first  plate  was  loaded  too  high  and  broke  after 
one  test.  The  second  plate  was  not  near  optimum  from  the 
standpoint  of  side  to  thickness  ratio.  It  was  used  primarily 
as  a check  on  the  first  plate  and  to  evaluate  orientation 
(i.e.  convex  up  versus  convex  down)  effects  on  the  data.  The 

measured  G modulus  was  slightly  lower  than  for  the  larger 
1 2 

plate  (1.84  x 10s  psi  versus  2.02  x 10 6 psi)  as  anticipated. 
The  G values  given  in  Table  6 were  calculated  using 

2 3 

2.02  x 10s  psi  for  G12. 

Thermal  Evaluations 


The  unit  thermal  expansions  of  pyrolytic  graphite  from 
cylinder  S/N  M-217  in  the  "a-b"  and  "c"  directions  during 
first  and  second  cycles  up  to  5000°F  are  shown  in  Figures 
16  through  21  and  tabulated  in  Tables  7 through  18.  Duplicate 
data  for  each  exposure  were  obtained  in  both  orientations. 
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The  two  cycles  refer  to  first  performing  thermal  expansion 
evaluations  from  room  temperature  to  about  5000°F,  allowing 
the  specimens  to  cool  to  room  temperature  and  performing 
the  same  evaluations  during  a second  exposure  from  room 
temperature  to  5000°F. 

Initial  exposures  to  5000°F  in  the  "a-b"  direction  on 
two  specimens  are  shown  in  Figure  16.  During  the  initial 
exposure  the  expansion  was  relatively  low  up  to  about  3500°F, 
exhibiting  a value  at  that  temperature  of  4.25  x 10“ 3 in. /in. 
Above  3500°F  the  value  increased  sharply  to  about  16  x 10“ 3 
in. /in.  at  5000°F,  for  specimen  M-217-CTE-1A.  The  other 
specimen  exhibited  tl  e identical  expansion  up  to  about  5000°F, 
but  the  value  at  5000°F  was  lower,  about  15  x 10“ 3 in. /in. 

At  5000°F  both  specimens  continued  to  grow  with  time  indicating 
that  the  growth  was  time  as  well  as  temperature  dependent. 

The  difference  in  the  expansion  between  the  two  specimens 
at  5000°F  is  real  as  indicated  by  the  high  final  return  values, 
see  Figure  16.  This  difference  is  permanent  as  indicated  by 
the  final  dial  reading  and  measured  length  change  by  a micro- 
meter after  the  specimen  was  cooled  to  room  temperature. 

Results  of  the  second  exposure  to  5000°F  in  the  "a-b" 
direction  on  the  same  two  specimens  are  shown  in  Figure  17. 
During  the  second  cycle  the  expansion  was  slightly  lower  than 
that  of  the  first  cycle  up  to  about  3500°F.  The  expansion 
increased  significantly  above  4500°F  and  again  at  about  5000°F 
the  specimens  continued  to  grow  with  time.  This  phenomenon  has 
been  recognized  on  other  programs  involving  thermal  expansion 
measurements  on  pyrolytic  graphite. 

This  unstable  behavior  can  be  explained,  in  part,  in 
terms  of  the  structure  of  pyrolytic  graphite.  The  graphiti- 
zation-annealing  temperature  of  the  "as  received"  material 
is  not  known,  but  the  material  probably  was  not  well  graphi- 
tized-annealed,  and  could  be  classed  as  turbostratic  in  that 
their  crystallites  are  well  oriented  in  the  "a"  direction 
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but  are  rotated  about  the  c-axis  with  random  translation  in 
the  "a-b"  plane.2  Further,  it  probably  had  "curved"  "a-b"  planes 
in  the  nodules.  This  is  indicated  by  the  fact  that  the  negative 
expansion  (or  contraction)  was  not  as  great  as  that  exhibited 
for  a well  graphitized-anneaied  and  ordered  pyrolytic  graphite, 
and  the  fact  of  the  significant  increase  in  expansion  above 
about  3500°F. 

The  material  showed  slight  contraction  in  the  "a-b" 
direction  from  room  temperature  to  about  900°F.  The  contrac- 
tion on  conventional  pyrolytic  graphite  is  explained  in  terms 
of  Poisson  contraction  of  the  layer  planes  (basal)  associated 
with  large  expansion  perpendicular  to  the  layer  planes  (c-axis) 
as  explained  by  Riley. 2 Above  about  1000°F,  this  effect  is 
assumed  to  be  counteracted  by  a true  thermal  expansion  of  the 
layer  planes  to  produce  a small  positive  thermal  expansion. 

The  increase  in  expansion  at  elevated  temperatures,  in 
addition  to  the  time  dependence  of  the  elongation  and  the 
large  permanent  growth  also  suggest  the  process  of  annealing. 
Durinr  the  annealing  process  on  a poorly  graphitized  ordered 
pyrolytic  graphite,  a restructuring  and  straightening  of  the 
crystallites  joined  by  tilt  boundaries  or  kinks  in  the  basal 
plane  occur.  This  creates  high  growth  in  the  "a”  direction 
and  contraction  in  the  "c"  direction.  This  is  true  of  the 
material  evaluated  on  this  program  as  evidence  from  the 
composite  plots  shown  in  Figures  20  and  21.  The  second  run 
on  the  specimens  also  shows  the  result  of  graphitization- 
annealing,  which  is  the  lower  expansion  at  the  elevated 
temperatures.  Note  that  even  during  the  second  run,  the 
material  was  apparently  altered  as  evidenced  by  the  increase 
in  expansion  above  4500°F  in  the  "a-b"  direction  and  the 
continued  dependence  of  grow'th  on  time. 


2ASD-TDR-c3-195,  "Pyrolytic  Graphite,  Its  High  Temperature 
Properties",  March,  1963. 

3Riley,  D.  P. , Phys.  Soc.  57,  487  (1945). 
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Figure  18  shows  the  unit  thermal  expansion  of  the  "as 
received"  pyrolytic  graphite  in  the  "c"  direction  as  a result 
of  the  initial  exposure,  and  Figure  19  shows  the  same  for  the 
second  exposure  to  5000°F.  The  above  discussion  also  explains 
the  character  of  the  two  curves  in  the  "c"  direction,  large 
permanent  contraction  after  the  initial  exposure,  and  con- 
traction after  peak  expansion  at  5000°F.  The  thermal  expansion 
increased  almost  linearly  from  room  temperature  to  a maximum 
value  of  about  62  x 10~3  in. /in.  at  about  4500°F,  and  then  a 
contraction  to  about  40  x 10“ 3 in. /in.  at  5000°F.  Repeatability 
was  very  good  for  the  measurements  as  evidenced  by  the  curves. 

Figure  20  and  21  are  composites  showing  thermal  expansion 
results  of  both  exposures  in  the  two  directions. 

In  pyrolytic  graphite,  the  structure  can  range  from  a 
material  where  the  growth  cone  develops  from  the  deposition 
surface  (nonregenerative  or  substrate  nucleated)  to  a material 
where  the  growth  cones  are  regenerated  continuously  throughout 
the  thickness  of  the  deposition  (continuously  nucleated) . The 
material  evaluated  on  this  program  exhibited  characteristics 
of  a material  structured  partially  by  nonregenerative  growth 
cones  and  partially  by  regenerative  cones.  That  is,  the  data 
lies  between  that  generated  on  other  programs  where  the  material 
was  completely  nonregenerative  and  those  where  the  material  was 
completely  regenerative.  The  large  expansion  in  the  "a-b" 
direction  and  contraction  in  the  "c"  direction  at  5000°F  repre- 
sents a response  due  to  time  at  temperature  and  graphitization- 
annealing. 

Yours  very  truly, 

id. 

Gerald  W.  Driggers 

Associate  Engineer 
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Director 
Mechanical  Engineering  Research 


GWD:bac 

SoRI-EAS-75-660 

3553-I-F 

(6:14) 


A- 12 


Figure  1.  Cutting  Plan  for  PG  Cylinder  (Side  View) 


Note:  All  dimensions  are  in  inches 


Figure  3.  Axial  Compressive  Specimen  Configuration 
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Figure  5. 


All  dimensions  are  in  inches 


Interlaminar  Shear  Specimen  with  a 0.500  inch 
Gage  Length 
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Figure  7.  Axial  Torsional  Specimen  Configuration 


Figure  8.  Schematic  of  the  Loading  Fixture,  Extensometers 
and  Furnace  Used  for  Tensile  Evaluations 


1.  Gxy  = 3Pd2/26dt3 

2.  6d  not  to  exceed  0.10  t (o  = 2000  psi) 


Figure  10.  Schematic  of  Plate  Evaluation  Used  to  Determine  G 
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Figure  11.  Z Direction  Tensile  Modulus  Results 
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Figure  12.  Z Direction  Tensile  Strength  Results 
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Compressive  Modulus  in  10s  psi 


ressive  Strength  in  10 3 psi 
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Unit  Thermal  Expansion  (AL/L)  in  10”’  in. /in 
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□ Specimen:  M-217-CTE-2A;  Run: 
Run  No. : 7876-141-145-K3 

Initial  Length:  3.0008  in. 
Final  Length:  3.0354  in. 

Density:  2.1940  gm/cm3 


0 1000  2000  3000  4000  5000 

Temperature  in  °F 

Figure  16.  Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
as  Received  in  the  "a-b"  Direction 

A- 28 


| r ii  i t t : r • i i f t ' r t r rnt 

f Quartz  Dilatometer 


i Specimen:  M-217-CTE-1A;  Run: 
Run  No.:  7839-128-22 B- 3 
Initial  Length:  3.0019  in. 
Final  Length:  3.0013  in. 

Density:  2.1859  gm/cm3 
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Flagged  symbols  represent 
data  measured  after  cooling 
to  room  temperature 


Graphite  Dilatometer 


O Specimen:  M-217-CTE-1A;  Run: 
Run  No.:  7876-139-146-K4 
Initial  Length:  3.0007  in. 
Final  Length:  3.0313  in. 

Density:  2.1859  gm/cm3 
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Thermal  Expansion  (flL/L)  in  10" * in, /in 


Specimen:  M-217-CTE-1A;  Run 
Run  No.:  7839-130-22B-3 
Initial  Length:  3.0313  in. 
Final  Length:  3.0313  in. 

Density:  2.1859  gm/cm3 


Graphite  Dilatometer 


O Specimen:  M-217-CTE-1A;  Run 
Run  No.:  7876-142-146-K4 
Initial  Length:  3.0309  in. 
Final  Length:  3.0530  in. 

Density:  2.1859  gm/cm3 


C]  Specimen:  M-217-CTE-2A;  Run 
Run  No.:  7876-154-145-K3 
Initial  Length:  3.0354  in. 
Final  Length:  3.0450  in. 

Density:  2.1940  gm/cm3 


Flagged  symbols  represent 
data  measured  after  cooling 
to  room  temperature 
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Figure  17.  Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
After  Previous  Exposure  to  5000 °F  in  the  " a-b"  Direction 


A-29 


Unit  Thermal  Expansion  ( AL/L)  in  10-3  in. /in. 
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Figure  18.  Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
as  Received  in  the  "e"  Direction 
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Graohite  Dilatometer 


O Specimen:  M-217-CTE-1R;  Run:  1 
Run  No. : 7876-138-145-K3 

Initial  Length:  2.8497  in. 
Final  Length:  2.7489  in. 

Density:  2.1870  gm/cm3 


□ Specimen:  M-217-CTE-2R;  Run 
Run  No.:  7876-140-146-K4 
Initial  Length:  2.7003  in. 
Final  Length:  2.5927  in. 

Density:  2.1869  gm/cm3 


Quartz  Dilatometer 


Specimen:  M-217-CTE-1R;  Run:  1 
Run  No.:  7839-127-21A-2 
Initial  Length:  2.8552  in. 
Final  Length:  2.8550  in. 

Density:  2.1870  gm/cm3 


Flagged  symbols  represent 
data  measured  after  cooling 
to  room  temperature 
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Unit  Thermal  Expansion  (&L/L)  in  10“ * in. /in. 


Graphite  Otlatomctcr 


• Specimen:  M-217-CTE-1A;  Run:  1 
Run  No. : 7839-120-22B-3 

Initial  Length:  3.0019  in. 
Final  Length:  3.0013  in. 

Oanaity:  2.1859  gm/cm, 

^Specimen:  M-217-CTE-1A;  Run:  2 
Run  No.:  7B39-130-22B-3 
Initial  Length:  3.0313  in. 
rinal  Length:  3.0313  in. 

Density:  2.1859  gm/cm* 


O Specimen:  M-2 17-CTE- 1A;  Run:  1 
Run  No.:  7876-139-146-K4 
Initial  Length:  3.0007  in. 
Final  Length:  3.0313  in. 

Density:  2.1859  gm/cm1 


After  Exposure  to  5000*F 
A Specimen:  M-127-CTE-1A:  Run:  2 
Run  No.:  7872-142-146-K4 
Initial  Length:  3.0309  in. 
Final  Length:  3.0530  in. 

Density:  2.1859  gVc»‘ 

□ Specimen:  M-2 17-CTE-2A ; Run:  1 
Run  No.:  7876-141-145-K3 
Initial  Length:  3.0008  in. 
Final  Length:  3.0354  in. 

Density:  2.1940  gm/cm* 

After  Exposure  to  5000°F 
O Specimen:  M-2 17-CTE- 2A;  Run:  2 
Run  No. : 7876-154-145-K3 

Initial  Length:  3.0354  in. 
Final  Length:  3.0450  in. 

Density:  2.1940  gm/cm* 


Flagged  symbols  represent 
data  measured  after  coolang 
to  room  temperature 
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1000 


Tempera turo  in  *F 

Comparison  of  Thermal  Expansions  (Run  1 - as  Received,  Run  2 - After  Being  Exposed  to 
5000*r)  of  Pyrolytic  Graphite  Cylinder  S/N  M-217  in  the  "a-b"  Direction 
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Figure  20 


t-’nit  Thermal  Expansion  (AL/L)  in  10“ 3 in. /in. 


Temperature  in  °F 

Figure  19.  Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
After  Previous  Exposure  to  5000°F  in  the  "c"  Direction 
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Unit  Thermal  Exoansion  (AL/L)  in  10'1  in. /in. 


After  Exposure  to 
5000#F  (Rerun) 


First  Exposure 
( Run  1 ) 


Quartz  Dilatometer 


O Specimen:  M-217-CTE- 1 R;  Run 
Run  No.:  7876-1 38-145-K3 
Initial  Length:  2.8497  in. 
Final  Length:  2.7489  in. 

Density:  2.1870  grn/cm* 


A Specimen:  M-2 17-CTE-l R;  Run 
Run  No.:  7839-129-21A-2 
Initial  Length:  2.7489  in. 
Final  Lenqth:  2.7498  in. 

Density:  2.1870  gm/cm’ 


After  Exposure  to  5000#F 
Specimen:  M- 2 1 7-CTE- 1 R ; Run 
Run  No.:  7876-14 3-145-K3 
Initial  Length:  2.7481  in. 
Final  Length:  2.7084  in. 


Specimen:  M-217-CTE-2R;  Run 
Run  No.:  7876-140- 146-K4 
Initial  Length:  2.7003  in. 
Final  Length:  2.5927  in. 

Density:  2.1869  gm/cm’ 

After  Exposure  to  5000 °F 
Specimen:  M-217-CTE-2R;  Run 
Run  No. : 7876- 1 5 3-1 46-K4 

Initial  Length:  2.5927  in. 
Final  Length:  2.5725  in. 

Density:  2.1869  gm/cm’ 


Flagged  symbols  represent 
data  measured  after  cooling 
to  room  temperature 
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Comparison  of  Thermal  Expansions  (Run  1 - ns  Pecoivod,  Run  2 - After  k'<  lng  Exposed  to 
5000*1)  o • Pyrolytic  Ornphlto  Cylinder  s/N  M-2 1 7 in  the  "c"  Direction 
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Table  1 

PG  Cylinder  Evaluation  Matrix 


Evaluation 

Type 

Temperature  in  °] 

P 

RT 

1500 

3500 

5000 

Compression- " a-b" 

2 

- 

2 

2 

Compression-" c" 

3 

- 

- 

- 

Tension-" a-b" 

3 

- 

3 

- 

Unit  Thermal 

Expansion-" a-b" * 

2 



Unit  Thermal 

Expans ion- " c" * 

2 

► 

Shear  Strength 

Interlaminar 

1 

3 

3 

5 

3 

Shear  Modulus 

3 

- 

- 

- 

*Unit  thermal  expansion  measurements  were 
conducted  twice  on  these  specimens  to 
evaluate  the  effects  of  a repeated  thermal  cycle 
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Results  of  Compressive  Evaluations 
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Table  5 

Results  of  Interlaminar  Shear  Evaluations 


Results  of  Torsion  and  Shear  Modulus  Plate  Evaluations 


Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217)  as  Received  in  the 
"a-b"  Direction  Measured  in  Quartz  Dilatometer 


Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217)  as  Received 
in  the  "a-b"  Direction  Measured  in  Graphite  Dilatometer 


Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217)  as  Received 
in  the  "a-b"  Direction  Measured  in  Graphite  Dilatometer 
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Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217)  after  Previous  Exposure  to 
5000 "F  in  the  "a-b"  Direction  Measured  in  Quartz  Dilatometer 


Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
after  Previous  Exposure  to  5000°F  in  the  "a-b"  Direction  Measured  in  Graphite  Dilatometer 
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Table  15 

Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217) 
as  Received  in  the  "cM  Direction  Measured  in  Graphite  Dilatometer 


Corrected  Specimen 
Unit  Elongation 
(10~s  in.  / in. ) 
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Table  18 

Thermal  Expansion  of  Pyrolytic  Graphite  (Cylinder  S/N  M-217)  After  Previous  Exposure 
to  5000°F  in  the  ”c*  Direction  Measured  in  Graphite  Dilatometer 
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ULTIMATE  STRENGTH,  ELASTIC  MODULUS,  AND  POISSON'S 
RATIO  TO  5500 °F  IN  TENSION 


ULTIMATE  STRENGTH,  ELASTIC  MODULUS  AND  POISSON'S 
RATIO  TO  5500°F  IN  TENSION 


A typical  tensile  facility  is  shown  in  the  photograph  in 
Figure  1 and  in  the  schematic  in  Figure  2.  The  primary  components 
are  the  gas-bearings,  the  load  frame,  the  mechanical  drive  system, 
the  5500°F  furnace,  the  optical  strain  analyzers  and  associated 
instrumentation  for  measurement  of  load  and  strain.  The  load 
capacity  is  15,000  pounds. 

The  load  frame  and  mechanical  drive  system  are  similar  to  those 
of  many  good  facilities.  The  upper  crosshead  is  positioned  by  a 
small  electric  motor  connected  to  a precision  screw  jack.  This 
crosshead  is  stationary  during  loading  and  is  moved  only  when 
assembling  the  load  train.  The  lower  crosshead  is  used  to  apply  the 
load  to  the  specimen  through  a precision  screw  jack  chain  driven  by 
a variable  speed  motor  and  gear  reducer. 

Nonuniaxial  loading,  and  therefore  bending  stresses,  may  be 
introduced  in  tensile  specimens  not  only  from  (1)  misalignment  of 
the  load  train  at  the  attachment  to  the  crossheads,  but  also  from  (2) 
eccentricity  within  the  load  train,  (3)  unbalance  of  the  load  train 
and  (4)  external  forces  applied  to  the  load  train  by  such  items  as 
electrical  leads  and  clip-on  extensometers . Although  the  bending 
moments  from  some  of  these  sources  may  seem  relatively  slight,  the 
resulting  stress  distortions  are  quite  significant  in  the  evaluation 
of  the  extremely  sensitive  brittle  materials.  Now  consider  each 
individually. 

To  confirm  that  the  gas-bearings  had  eliminated  nonuniaxial 
loading  at  the  point  of  attachment  of  the  load  train  to  the  cross- 
heads, the  frictional  moment  was  determined  at  a load  of  5000  pounds 
by  measuring  the  torque  required  to  produce  initial  motion  within 
the  system  with  the  bearings  in  operation.  This  torque  was  found  to 
be  a maximum  of  6.6  x 10-3  inch-pounds.  The  equation 


“ 

- 

M0  = 2uP 

r23 

- Ri3 

3 

r22 

- Ri2 

* 

was  then  applied  to  the  system  to  calculate  the  kinetic  friction 
where  M0  was  the  resisting  moment  due  to  kinetic  friction  and  p 
represented  the  coefficient  of  kinetic  friction.  The  calculated 
value  of  p was  then  equal  to  a maximum  of  only  4.5  x 10”  . 
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The  classic  equation 


S = Me  (2) 

I 

was  then  employed  to  obtain  the  stress  that  could  be  induced  in  the 
specimen  due  to  this  bending  moment.  This  value  was  0.16  psi,  or 
less  than  0.002  percent  of  the  tensile  stress  produced  within  a 
typical  graphite  specimen.  These  low  values  clearly  indicate  the 
elimination  of  problems  of  bending  stress  in  the  specimen  imposed 
by  misalignment  at  the  crosshead  attachments,  either  initially  or 
during  loading. 

Emphases  in  the  design  of  the  load  train  were  placed  on  (1) 
large  length- to-diameter  ratios  at  each  connection,  (2)  close  sliding 
fits  (less  than  0.005  inch)  of  all  mating  connections,  (3)  the  elim- 
ination of  threaded  connections,  (4)  the  use  of  pin  connections 
wherever  possible  and  (5)  increasing  the  size  of  components  to  permit 
precise  machining  of  all  mating  surfaces.  All  members  were  machined 
true  and  concentric  to  within  0.0005  inch,  and  the  entire  load  train 
was  checked  regularly  to  ensure  overall  alignment  following  assembly 
of  the  individual  members.  This  process  ensures  concentricity  and 
no  kinks  in  the  system. 

The  problems  of  unbalance  within  the  load  train  and  of  external 
forces  applied  to  the  load  train  have  been  explored  and  corrected. 

The  entire  load  train  is  statically  balanced  to  less  than  0.01  inch- 
pound  for  normal  operation. 

One  configuration  of  the  tensile  specimen  is  shown  in  Figure  3. 
This  specimen  provides  a relatively  large  L/D  ratio  in  the  gripping 
area  to  ensure  good  alignment.  All  surfaces  in  the  gripping  area 
are  cylindrical  in  order  to  make  precision  machining  easier  and  re- 
peatable from  specimen  to  specimen.  This  specimen  also  has  double 
breakdown  radii  from  the  gripping  area  to  the  gage  section.  This 
double  breakdown  allows  a uniform  transition  of  the  stress  pattern 
and  reduces  the  frequency  of  radius  (out  of  gage)  fractures.  This 
specimen  provides  a uniform  gage  section  which  gives  a definable 
volume  of  material  under  stress  and  permits  accurate  measurements 
of  strain.  The  flags  for  the  measurement  of  axial  strain  are  posi- 
tioned one  inch  apart  so  that  unit  strain  is  recorded  directly.  The 
flag  attachment  for  measurement  of  lateral  strain  is  positioned 
between  the  flags  for  axial  strain;  see  Figure  4. 
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A schematic  of  the  precision  tensile  grip  is  shown  in  Figure  5. 
The  design  is  much  like  the  jaws  of  a lathe  head  or  the  chuck  of  a 
drill  motor  made  with  precision.  Observe  from  the  figure  the  long 
surface  contact  of  the  mating  parts  and  the  close  fits  to  establish 
precise  alignment  with  the  specimen.  As  the  load  is  applied,  the 
wedges  maintain  alignment  to  fracture. 

Figure  6 is  a sketch  of  the  5500°F  furnace  used  for  tension 
showing  the  basic  components.  The  furnace  consists  of  a resistively 
heated  graphite  element  insulated  from  a water-cooled  shell  by  therm- 
atomic  carbon.  The  furnace  and  specimen  are  purged  with  helium  to 
provide  an  inert  atmosphere.  Ports  with  visual  openings  are  provided 
on  opposite  sides  of  the  furnace  as  a means  of  allowing  the  strain 
analyzers  to  view  the  gage  flags  on  the  specimen.  Specimen  temper- 
atures are  determined  by  optical  pyrometer  readings  taken  through 
another  small  sight  port  containing  a sapphire  window.  A calibration 
curve  was  established  for  the  loss  through  the  sapphire  window,  and 
since  the  furnace  cavity  acts  essentially  as  a blackbody,  true  tem- 
perature readings  are  obtained.  Power  is  supplied  to  the  heating 
element  by  means  of  a 25  KVA  variable  transformer. 

Strain  measurement  consists  of  measuring  optically  the  elonga- 
tion between  two  flags,  or  targets,  which  are  mounted  on  the  specimen 
and  separated  initially  by  a predetermined  gage  length.  The  travel 
of  the  targets  is  measured  by  sensing  the  displacemnt  of  the  image 
of  the  edge  of  the  targets  and  then  electromechanically  following 
the  image  displacement.  The  relative  travel  of  the  two  targets 
provides  the  strain.  Readout  is  continuous  and  automatic  on  a 
millivolt  recorder.  A schematic  of  the  analyzer  is  shown  in  Figure  7. 

A brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A tracking  telescope  follows  the  upper  target 
and  carries  a second  telescope  mounted  on  its  carriage.  The  second 
telescope  is  capable  of  independent  motion  to  follow  the  lower  target. 
The  relative  displacement  between  the  upper  and  lower  telescope,  as 
strain  occurs,  defines  the  strain.  The  system  usually  is  operated 
so  that  the  tracking  telescope  follows  the  upper  target  and  the  strain 
is  monitored  by  the  relative  displacement  of  the  aperture  rather  than 
the  telescope  following  the  lower  target.  With  this  procedure  the 
maximum  range  is  the  maximum  displacement  available  for  the  lower 
aperture,  of  about  1/8  inch,  and  the  sensitivity  is  limited  by  the 
optics  and  the  noise  level  of  the  detector.  Using  both  telescopes, 
the  range  is  about  3/4  inch. 
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To  provide  optical  references  on  the  specimens,  targets  are 
affixed  to  the  test  specimen  as  mentioned.  When  the  specimen  is 
heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets  are 
then  visible  against  a dark  background.  To  obtain  data  below  2000#F, 
a light  beam  is  directed  from  behind  the  flags  providing  a shadow 
image  for  the  detection  system. 

The  image  of  the  flowing  target  is  focused  through  a rotating 
shutter  (chopper)  and  onto  a rectangular  aperture.  Small  slits  in 
the  aperture  pass  a portion  of  the  upper  and  lower  edges  of  the  light 
beam.  A photocell  receives  the  light  thus  transmitted,  and  an 
electronic  circuit  detects  whether  the  energy  passed  by  the  two  slits 
is  equal.  A servo  drives  the  apertures  to  let  a balanced  quantity 
of  light  pass  through  the  two  slits  and  thus  maintains  an  optical 
null . 


To  obtain  lateral  strain,  a strain  analyzer  is  supported 
horizontally  on  the  tensile  frame  to  view  the  diametrical  or  lateral 
strain  of  the  specimen.  A flag  attachment,  with  the  general  con- 
figuration as  shown  in  Figure  8,  was  developed  to  follow  and  transmit 
lateral  motions  of  up  to  a few  mils.  The  three-piece  assembly  con- 
sists of  a ring  and  two  rams  bearing  on  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways 
including  absolute  correlations  to  precision  micrometers,  strain 
gage  extensometers , and  direct  plots  of  stress-strain  for  reference 
materials  such  as  steel,  plexiglas,  magnesium  and  aluminum.  Precis- 
ion is  within  ±0.000020  inch. 

Instrumentation  includes  primarily  a stress-strain  measurement 
system  composed  of  a 1000-pound  SR-4  Baldwin  load  cell,  constant 
d.c.  voltage  power  supply,  two  optical  strain  analyzers,  and  two 
X-Y  recorders.  Specimen  temperature  is  monitored  with  an  optical 
pyrometer.  Stress  (load)  is  measured  by  a commercial  load  cell.  The 
cell  receives  a constant  d.c.  voltage  input  from  the  power  supply  and 
transmits  a millivolt  signal  (directly  proportional  to  load)  to  an 
X-Y  recorder.  Simultaneously,  the  optical  strain  analyzers  measure 
both  the  axial  and  lateral  strain  and  transmit  a millivolt  signal 
(proportional  to  strain)  to  the  X-Y  recorders.  Thus,  continuous 
plots  of  stress-axial  strain  and  axial  strain-lateral  strain  are 
recorded  simultaneously. 
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Optical  Strain 
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Piqure  1.  Photoqraph  of  a Tensile  Stress-Strain  Facility 
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Figure  Z.  Schematic  Arrangement  of  Gas-Bearing  Universale, 
Specimen  and  Load  Train 
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rip  for  Tensile  Specimen  2:1  Scale 
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Figure  7.  Arrangement  of  Optical  Strain  Analyzer 
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General  Configuration  of  the  Flag  Attachment  to  Monitor 
Lateral  Strain  in  Tension 
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APPENDIX  B 

ULTIMATE  STRENGTH,  ELASTIC  MODULUS,  AND  POISSON'S 
RATIO  TO  5500 °F  IN  COMPRESSION 


ULTIMATE  STRENGTH,  ELASTIC  MODULUS,  AND  POISSON'S 
RATIO  TO  5500°F  IN  COMPRESSION  


The  compressive  apparatus  is  shown  in  the  photograph  in  Figure 
1 and  in  the  schematic  in  Figure  2 and  consists  primarily  of  a load 
frame,  gas  bearings,  load  train,  50-ton  screw  jack,  variable  speed 
mechanical  drive  system,  strain  analyzers,  5500 °F  furnace,  and 
associated  instrumentation  for  the  measurement  of  load  and  strain. 

The  load  frame  is  similar  to  most  standard  frames.  It  was 
designed  to  carry  a maximum  load  of  100,000  pounds  and  to  support 
the  furnace  optical  strain  analyzers,  and  other  related  equipment. 

Gas  bearings  are  installed  at  each  end  of  the  load  train  to 
permit  precise  alignment  of  the  loading  train  to  the  specimen.  The 
upper  bearing  is  spherical  on  a radius  of  6.5  inches.  This  radius 
is  the  distance  from  the  top  of  the  specimen  to  the  spherical  bear- 
ing surface.  The  load  tram,  not  the  specimen,  shifts  to  maintain 
radial  alignment.  The  lower  bearing  is  flat  and  is  about  6 inches 
in  diameter.  The  lower  bearing  permits  transverse  alignment  of  the 
load  train.  The  gas  bearings  are  floated  for  only  a small  initial 
amount  of  load  so  that  precise  alignment  of  the  load  train  can  be 
attained. 

The  load  train  near  the  furnace  consists  of  the  specimen  loaded 
on  each  side  by  graphite  and  water-cooled  steel  push  rods.  The 
graphite  push  rods  are  counter-bored  to  permit  insertion  of  a pyro- 
lytic graphite  disc  which  serves  as  a heat  dam  and  to  align  the 
specimen  to  the  center-line  of  the  load  train.  Extreme  care  is 
exercised  in  the  preparation  of  all  parts  of  the  load  train  to 
ensure  concentricity  of  the  mating  parts  to  less  than  0.0005  inch. 

The  50-ton  jack  is  a power  screw  type.  The  mechanical  drive 
system  consists  of  a gear  reducer  driven  by  a Louis  Allis  Synchro- 
Spede  Unit  (300-3000  rpm) . The  gear  reducer  is  connected  to  the 
Synchro-Spede  Unit  through  a chain  coupling  and  to  the  50-ton 
jack  uy  a single  roller  chain  and  sprocket  system.  Different  load 
rates  are  obtained  by  adjustment  of  the  variable  speed  setting  on 
the  Synchro-Spede  and  by  changeout  of  sprockets  on  the  gear  reducer 
and  screw  jack. 
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Figure  3 shows  details  of  the  "dumbbell"  specimen  which  maintains 
a 0.500  inch  diameter  over  the  1.2  inch  long  gage  section.  The 
specimen  provides  sufficient  room  for  the  flag  attachments  that  follow 
the  axial  and  lateral  strains  and  also  minimizes  the  influence  of  end 
restraint. 

The  flag  attachments  for  the  measurement  of  axial  strain  are 
positioned  one  inch  apart  so  that  unit  strain  is  recorded  directly. 

The  flag  attachment  for  the  measurement  of  lateral  strain  is  positioned 
between  the  flags  for  axial  strain;  see  Figure  4.  The  lateral  flag 
attachment  used  in  compression  is  shown  in  Figure  5.  The  4-piece 
assembly  consists  of  a ring,  two  rams  bearing  on  the  specimen,  and 
a screw  to  adjust  the  contact  pressure.  The  ring  was  designed  to 
track  lateral  motions  as  great  as  0.030  inch  without  breaking. 

Figure  6 is  a sketch  of  the  5500°F  furnace  used  for  compression 
showing  the  basic  components.  The  furnace  consists  of  a resistivity 
heated  graphite  element  insulated  from  a water-cooled  shell  by 
thermatomic  carbon.  The  furnace  and  specimen  are  purged  with  helium 
to  provide  an  inert  atmosphere.  Ports  with  visual  openings  are 
provided  on  opposite  sides  of  the  furnace  as  a means  of  allowing  the 
strain  analyzers  to  view  the  gage  flags  on  the  specimen.  Specimen 
temperatures  are  determined  by  optical  pyrometer  readings  taken  through 
another  small  sight  port  containing  a sapphire  window.  A calibra- 
tion curve  was  established  for  the  loss  through  the  sapphire  window, 
and  since  the  furnace  cavity  acts  essentially  as  a blackbody,  true 
temperature  readings  are  obtained.  Power  is  supplied  to  the  heating 
element  by  means  of  a 25  KVA  variable  transformer. 

Strain  measurement  consists  of  measuring  optically  the  elonga- 
tion between  two  flags,  or  targets,  which  are  mounted  on  the  specimen 
and  separated  initially  by  a predetermined  gage  length.  The  travel 
of  the  targets  is  measured  by  sensing  the  displacement  of  the  image 
of  the  edge  of  the  targets  and  then  electromechanically  following 
the  image  displacement.  The  relative  travel  of  the  two  targets 
provides  the  strain.  Readout  is  continuous  and  automatic  on  a 
millivolt  recorder.  A schematic  of  the  analyzer  is  shown  in  Figure 
7. 


A brief  summary  of  the  mechanical  motions  of  the  components 
involved  in  monitoring  the  strain  is  helpful  in  understanding  the 
detailed  performance.  A tracking  telescope  follows  the  upper 
target  and  carries  a second  telescope  mounted  on  its  carriage. 

The  second  telescope  is  capable  of  independent  motion  to  follow 
the  lower  target.  The  relative  displacement  between  the  upper  and 
lower  telescope,  as  strain  occurs,  defines  the  strain.  The  system 
usually  is  operated  so  that  the  tracking  telescope  follows  the 
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upper  target  and  the  strain  is  monitored  by  the  relative  displacement 
of  the  aperture  rather  than  the  telescope  following  the  lower  target. 
With  this  procedure  the  maximum  range  is  the  maximum  displacement 
available  for  the  lower  aperture,  or  about  1/8  inch,  and  the  sensi- 
tivity is  limited  by  the  optics  and  the  noise  level  of  the  detector. 
Using  both  telescopes,  the  range  is  about  3/4  inch. 

To  provide  optical  references  on  the  specimens,  targets  are 
affixed  to  the  test  specimen  as  mentioned.  When  the  specimen  is 
heated  to  temperature,  the  targets  are  self-luminous  and  are  observed 
optically.  The  optics  view  past  the  luminous  targets  into  a cooled 
cavity  in  the  opposite  furnace  wall.  The  self-luminous  targets 
are  then  visible  against  a dark  background.  To  obtain  data  at  be- 
low 2000°F,  a light  beam  is  directed  from  behind  the  flags  providing 
a shadow  image  for  the  detection  system. 

The  image  of  the  glowing  target  is  focused  through  a rotating 
shutter  (chopper)  and  onto  a rectangular  aperture.  Small  slits  in 
the  aperture  pass  a poition  of  the  upper  and  lower  edges  of  the  light 
beam.  A photocell  receives  the  light  thus  transmitted,  and  an  elec- 
tronic circuit  detects  whether  the  energy  passed  by  the  two  slits  is 
equal.  A servo  drives  the  apertures  to  let  a balanced  quantity  of 
light  pass  through  the  two  slits  and  thus  maintains  an  optical  null. 

To  obtain  lateral  strain,  a strain  analyzer  is  supported  hori- 
zontally on  the  load  frame  to  view  the  diametrical  or  lateral  strain 
of  the  specimen. 

Calibrations  of  the  analyzers  are  performed  in  various  ways  in- 
cluding absolute  correlations  to  precision  micrometers,  strain  gage 
extensometers , and  direct  plots  of  stress-strain  for  reference  mater- 
ials such  as  steel,  plexiglas , magnesium,  and  aluminum.  Precision  is 
±0. 000020  inch. 

Instrumentation  includes  primarily  a stress-strain  measurement 
system  composed  of  a 20,000-pound  SR-4  Baldwin  load  cell,  constant 
d.c.  voltage  power  supply,  two  optical  strain  analyzers,  and  two 
X-Y  recorders.  Specimen  temperature  is  monitored  with  an  optical 
pyrometer.  Stress (load)  is  measured  by  a commercial  load  cell. 

The  cell  receives  a constant  d.c.  voltage  input  from  the  power  supply 
and  transmits  a millivolt  signal  (directly  proportional  to  load) 
to  an  X-Y  recorder.  Simultaneously,  the  optical  strain  analyzers 
measure  both  the  axial  and  lateral  strain  and  transmit  a millivolt 
signal  (proportional  to  strain)  to  the  X-Y  recorders.  Thus, 
continuous  plots  of  stress-axial  strain  and  axial  strain-lateral 
strain  are  recorded  simultaneously. 
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Figure  2 


Schematic  Arrangement  of  Gas-Bearing  Universals, 
Specimen,  and  Load  Train 


SOUTHERN  RESEARCH  INSTITUTE 


2.5< 


.20" 


L 0.900 


Figure  3.  Compressive  Specimen  Configuration 
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Figure  5.  Lateral  Strain  Flag  Attachment  for  Compressive  Specimen 
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APPENDIX  C 

THERMAL  EXPANSION  EQUIPMENT 
C-l  THERMAL  EXPANSION  TO  1800°F 
C-2  THERMAL  EXPANSION  TO  5500 °F 
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THERMAL  EXPAN  S I ONTO  1800  ° F 


Thermal  expansion  measurements  are  made  utilizing  quartz 
tube  dilatometers  of  the  Bureau  of  Standards  design.  The  dial 
gages  (B.  C.  Ames  Co.,  Model  212,  Shockless)  are  graduated  in 
0. 0001-inch  divisions  with  a total  range  of  0.500  inch.  The 
manufacturer's  stated  mechanical  accuracy  for  any  given  reading 
is  ±0.0001  inch  at  any  point  in  the  range.  This  accuracy  has 
been  checked  with  a precision  micrometer. 

Figure  1 shows  a schematic  drawing  of  a quartz  tube 
dilatometer.  The  dilatometer  head  was  designed  to  minimize 
any  extraneous  motions  that  would  induce  error  in  the  monitored 
data.  Water  cooling  was  used  to  prevent  temperature  fluctuations 
and  gradients  that  would  induce  erroneous  motion  in  the  dial  gage. 
The  parts  were  precision  machined  to  allow  for  proper  alignment 
and  minimize  spurious  motions  from  excessive  clearance.  The  core 
of  a linear  variable  differential  transformer  is  attached  to  the 
quartz  rod,  which  rests  on  top  of  the  quartz  tube.  By  feeding 
the  output  of  the  LVDT  into  an  oscillator-demodulator  and 
employing  an  X-Y  recorder,  a continuous  plot  of  expansion  versus 
temperature  may  be  obtained.  Dial  gage  readings  may  also  be  taken 
concurrently. 

For  temperatures  above  room  temperature,  each  dilatometer 
is  heated  by  an  individual  heater.  The  temperature  of  the  heater 
is  maintained  by  a manual  setting  of  a variable  voltage  transformer. 

Cold  specimen  temperatures  are  obtained  by  use  of  a Dewar 
flask  filled  with  dry  ice  and  trichloroethylene.  The  flask 
surrounds  the  dilatometer  tubes  and  the  cold  liquid  level  rises 
to  a height  above  the  specimens. 

Liquid  nitrogen  is  used  in  the  Dewar  flask  for  temperatures 
down  to  -300°F . A cooling  coil  has  also  been  designed  to  provide 
better  control  of  temperatures  in  the  cryogenic  range. 

Thermocouples  are  placed  at  each  end  and  the  center  of  the 
specimens  to  monitor  the  temperature  throughout.  The  specimens 
are  nominally  1/2  inch  diameter  by  3 inches  in  length  with  the 
ends  rounded  on  a 3 inch  radius.  Other  diameters  and  cross- 
sectional  configurations  are  employed  where  necessary  due  to 
configuration  of  supplied  material. 

To  calibrate  the  dilatometers  we  employ  a primary  standard 
of  fused  silica  purchased  from  NBS  and  designated  as  SRM  739.  A 
secondary  standard  of  fused  silica  developed  in  house  is  also 
used.  From  our  calibrations  and  experience  we  have  found  no 
systematic  error  in  this  system.  Based  on  the  initial  calibrations 
of  this  equipment  a precision  level  has  been  determine^.  At  1300°F 
the  standard  deviation  is  no  greater  than  ±0.025  x 10~  in. /in. 
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Figure  1.  Assembly  of  Puartt  Tube  Dilatoneter  for  Thermal  Expansion 

Measurements 
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THERMAL  EXPANSION  TO  5500 °F 


Thermal  expansion  is  measured  in  a graphite  tub*»  dilatometer 
developed  by  Southern  Research  Insti*'.!tc  re*.  performance  to  5500 °F, 
see  Figure  1.  The  specimen  recmir&d  is  aoout  1/2"  diameter  and 
3"  long,  although  the  exact  ii.se  can  vary  somewhat  if  it  appears 
desirable  from  the  standpoint  of  specimen  availability.  Specimens 
3/4"  in  diameter  and  only  1/4"  thick  can  be  evaluated,  but  with 
a reduced  precision.  Discs  can  be  stacked  to  provide  more  length 
in  many  cases.  Of  course,  specimens  can  always  be  pinned  together 
from  smaller  pieces  to  provide  both  length  and  columnar  strength. 

In  the  dilatometer,  the  specimen  rests  on  the  bottom  of  the 
cylinder  with  a graphite  extension  rod  resting  on  _i.e  specimen  to 
extend  to  the  top  of  the  cylinder.  When  required,  tungsten  pads 
are  inserted  at  the  ends  of  the  specimens  to  eliminate  graphite 
diffusion  from  the  dilatometer  parts  into  the  specimen.  This 
entire  assembly  is  inserted  into  one  of  the  5000 °F  furnaces 
described  in  another  brochure. 

The  motion  of  the  specimen  is  measured  by  a dial  gage  attached 
to  the  upper  end  of  the  cylinder  with  the  stilus  bearing  on  the 
extension  rod.  The  system  accurately  indicates  total  motions  of 
0.0001"  - or  less  than  0.00004"  per  inch  of  specimen. 

Either  a helium  or  an  argon  environment  can  be  employed.  Nitro- 
gen has  been  used  on  occasion.  The  equipment  will  permit  operation 
at  hard  vacuums,  but  this  procedure  is  rarely  used. 

A CS  graphite,  which  has  a fairly  low  expansion  relative  to 
other  grades  of  graphite,  is  used  as  the  material  for  the  dilatometer. 
Prior  to  calibrations,  the  dilatometers  are  heat  soaked  to  a 
temperature  several  hundred  degrees  above  the  maximum  temperature 
to  which  they  would  be  exposed  during  normal  service.  Dimensional 
stability  is  confirmed  by  measuring  the  lengths  of  the  dilatometer 
tube  and  rod  after  each  run.  Past  experience  has  shown  that 
following  the  initial  heat  soak  the  expansion  is  reproducible  in 
subsequent  repeated  cycles  to  lower  temperatures.  Reproducibility 
is  also  confirmed  by  repeated  runs  on  standards. 

To  calibrate  the  dilatometers  we  have  developed  in-house  primary 
and  secondary  standards  of  ATJ  graphite.  ATJ  graphite  was  selected 
as  a standard  because  of  our  vast  experience  with  it,  its  stability 
after  repeated  exposure  to  high  temperatures,  and  its  relatively 
low  expansion. 
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The  true  expansion  of  the  primary  standard  was  determined  by  a 
direct  optical  technique  using  a traveling  Gaertner  telescope.  The 
total  error  in  the  telescope  readings,  based  on  calibration  data, 
was  estimated  to  be  0 . 2 x 10“ 3 in. /in.  For  the  direct  optical 
measurements,  the  3.5  inch  long  specimen  was  heated  in  a graphite 
furnace,  and  the  expansion  was  determined  by  sighting  on  "knife" 
edges  machined  on  the  ends  of  the  specimen.  Typically  a total  of 
11  runs  have  been  made  in  two  different  furnaces  both  in  vacuum 
and  helium  environments.  The  two  environments  are  used  to  check 
effects  of  refraction  as  reported  in  the  literature.  The  same 
standard  was  then  machined  to  the  configuration  of  a regular 
dilatometer  specimen  and  several  runs  were  made  in  our  precision 
quartz  dilatometers . The  optical  expansion  data  were  fitted  to 
a quadratic  equation  over  the  temperature  range  from  2500 °F  to 
5000 °F  using  the  method  of  least  squares  and  statistically  analyzed 
to  determine  the  uncertainty  (primarily  the  scatter) . Below  2500°F, 
the  quartz  dilatometer  data  were  fitted  by  hand  since  the  uncertainty 
of  this  apparatus  has  been  well  established,  and  the  imprecision  is 
small  (<0.1  x 10”3  in. /in.).  A typical  plot  of  all  data  points 
with  the  curve  fit  is  shown  in  Figure  2. 

A check  of  the  expansion  of  the  standard  was  obtained  by 
making  runs  on  round  robin  specimens  of  various  graphites  and 
synthetic  sapphire  which  had  been  previously  evaluated  by  others, 
including  the  National  Bureau  of  Standards.  Our  data  on  these 
specimens  agreed  within  a 2.5  percent  random  difference  with  the 
data  reported  by  the  other  laboratories. 

After  establishing  the  expansion  of  the  ATJ  standard,  several 
graphite  dilatometers  were  then  calibrated  by  making  runs  on  this 
standard.  These  dilatometers  were  used  to  establish  the  expansion 
of  secondary  standards  (also  ATJ  graphite)  which  are  used  to 
calibrate  new  dilatometers  and  to  make  periodic  checks  on  dilatometers 
currently  in  service.  This  use  of  secondary  standards  thus 
minimizes  the  wear  and  tear  on  the  primary  standard  and  prolongs 
its  life. 

Table  1 lists  the  uncertainties  in  the  dilatometer  measurements 
in  10“ 3 in. /in.  Observe  that  most  of  the  uncertainty  is  in  the 
expansion  of  the  standard  and  includes  both  random  and  systematic 
uncertainties.  Other  sources  of  uncertainty,  resulting  from  such 
factors  as  dial  gage  and  temperature  measurement,  are  small  amounting 
to  less  than  0.2  x 10“ 3 in. /in.  at  any  temperature.  The  precision 
in  the  dilatometer  measurements  is  quite  good  and  amounts  to  about 
0.1  x 10“ 3 in. /in.  From  Table  1,  it  can  be  seen  that  the  maximum 
total  uncertainty,  which  occurs  at  a temperature  of  4500°F,  is 
±0.45  x 10“3  in. /in.  For  a low  expansion  graphite,  such  as  ATJ, 
this  amounts  to  an  uncertainty  of  ±4.5  percent  at  4500 °F  (see 
Figure  2) . For  graphites  having  higher  expansions,  the  percentage 
uncertainty  would  be  lower. 
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Unit  Thermal  Expansion.  AL/L 


Figure  2.  The  Thermal  Expansion  of  ATJ  Graphite  (wg)  Standard 
No.  5 by  In-House  Optical  Calibration 


Table  1 


1 

I 


Uncertainty  in  Thermal  Expansion  Measurements 
Made  in  Graphite  Dilatometers 


Temperature 

°F 

Uncertainty  in 
Expansion  of 

Standard 
in  10"3  in. /in. 

Random  Systematic 

Uncertainty  Uncertainty 

(See  Note  1)  (See  Note  2) 

Random 
Uncertainty 
in  Dilatometer 
Measurements  in 
10"3  in. /in. 

Total 

Uncertainty 
in  Dilatometer 
Measurements 
from  all  Sources 
in  10“3  in. /in. 

+ 

500 

±0.04 

0 

±0.03 

0.05 

0.05 

1000 

±0.04 

0 

±0.03 

0.05 

0.05 

1500 

±0.05 

0 

±0.04 

0.07 

0.07 

2000 

±0.17 

+0.03 

±0.05 

0.21 

0.18 

2500 

±0.11 

+0.20 

±0.07 

0.33 

0.13 

3000 

±0.12 

+0.21 

±0.08 

0.35 

0.14 

3500 

±0.19 

-0.02 

±0.10 

0.21 

0.23 

4000 

±0.14 

-0.09 

±0.12 

0.18 

0.27 

4500 

±0.14 

±0.25 

±0.14 

0.45 

0.45 

5000 

±0.19 

-0.12 

±0.16 

0.25 

0.37 

Notes:  1.  95%  confidence  limits. 

2.  Represents  deviation  between  average  measured  value  and 
least  squares  curve  through  all  data. 
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APPENDIX  D 

RAW  DATA  FOR  MECHANICAL  EVALUATIONS  (STRESS-STRAIN  CURVES) 
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PRELIMINARY  MATERIAL  SPECIFICATION 
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MATERIAL  SPECIFICATION  - PRELIMINARY 

MS426-01 


1.0  SCOPE 

1.1  Type.  This  specification  covers  Pyrolytic  Graphite,  Free  Standing 
Shapes,  to  be  used  in  rocket  motor  applications  (see  6.3). 

1*2  Description.  The  material  is  a chemical  vapor  deposited  form  of 
high  p-rity  graphite.  This  material  shall  be  produced  by 
the  chemical  vapor  deposition  of  carbon  in  a high  temper- 
ature furnace. 


2.0  APPLICABLE  DOCUMENTS 

2.1  The  following  documents,  of  the  issue  in  effect  on  date  of  invita- 
tion bids  or  request  for  proposal,  form  a part  of  this  specification 
to  the  extent  specified  herein. 

Military  Specifications 

Inspection,  Penetrant 
Inspection,  C-Scan  Ultrasonic 
Inspection,  Radiographic 


MIL-T6866 

TBD 

MIL-STD-453 
Military  Standards 
MIL-STD-129 


Marking  for  Shipment  and  Storage 

2.2  Other  Publications.  The  following  documents  form  a part  of  this 
specification  to  the  extent  specified  herein.  Unless  otherwise 
indicated,  the  issue  in  effect  of  invitation  for  bids  or  request 
for  proposal,  shall  apply. 

Publications : 

American  Society  for  Testing  and  Materials 

ASTM  D790-66  Flexural  Properties  of  Plastics 

ASTM  D792-60T  Density  and  specific  Gravity  of  Plastics 

ASTM  DG95-63T  Compressive  Properties  of  Plastics 

ASUl  D2344-65T  Apparent  Horizontal  Shear  Strength  of 

Reinforced  Plastics  by  Short  Beam  Method 

(Application  for  copies  should  be  addressed  to  the  American  Society 

for  Testing  and  Materials,  1916  Race  Street,  Philadelphia,  PA  19103) 
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3.0  REQUIREMENTS 

3.1  Material  Type.  The  material  shall  be  a pyrolytic  graphite  which 
can  be  classified  as  continuously  nucleated  (see  Para.  3.2.2). 


3 . 2  Material  Properties. 

3.2.1  Basic  Process  - Parts  shall  be  formed  by  pyrolytic  deposi- 
tion of  appropriate  carbon  bearing  gases  on  the  Internal 
form  of  a high  quality  graphite  mandrel  at  temperatures 

in  excess  of  2000°C. 

3.2.2  Microstructure  - The  microstructural  characteristics  of  the 
continuously  nucleated  CVD  pyrolytic  graphite  shall  exhibit 
visual  homogeneity  of  nucleation  sites  and  shape  across  the 
total  thickness  of  the  part  as  recorded  by  photomicrographs 
at  approximately  50X  under  polarized  light.  A similar 
level  of  homogeneity  must  be  evident  at  both  ends  of  the 
part  as  determined  per  Para.  4.4.7. 

3.2.3  X-Ray  Properties  - The  X-Ray  characteristics  of  the  pyrolytic 
graphite  are  specified  by  paragraphs  3.2.3. 1 through  3. 2. 3. 3. 
Paragraph  4.4.8  specifies  the  methods  of  making  the  measure- 
ments . 


3. 2. 3.1  d -Spacing  - The  interlayer  spacing  (d-spacing)  of 
parts  formed  by  CVD  shall  be  3.40  ± 0.02  A. 

3. 2. 3. 2 Crystallite  Size,  L,,-  The  crystallite  size  shall 
be  185  t 35A. 


3.2.4 


3. 2. 3. 3  Preferred  Orientation  - The  preferred  orientation 
shall  be  60  ± 5°4. 

Physical  Properties  - The  physical  properties  of  the  CVD 
pyrolytic  graphite  shall  be  as  specified  in  Table  1. 


TABLE  I.  PHYSICAL  PROPERTIES 
Property 

Density  - gm/cc  @ 75  i 5°F 

Flexural  Strength,  "a"  direction  psi 
@ 75  t 5°F 

/ 

Compression  Strength,  "a"  direction  psi 
@ 75  ± 5°F 


MIN /MAX 
2.185/2.205 

> 15000 

> 10000 


Short  Beam  Shear,  "a"  direction  psi  <3  75-  5°F  > 750 


« 


t 


T 


* 
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3.2.5  Nodule  Size  and  Frequency 

3.2. 5.1  The  diameter  of  any  nodule  or  cluster  of  nodules 

on  the  surface  shall  not  exceed  50%  of  the  material 
thickness. 

3. 2. 5. 2 Nodule  distribution  shall  be  such  that  not  more 
than  two  nodules  of  acceptable  size  shall  be 
closer  than  1.0  inch  apart. 

3.2.6  Delaminations 

3. 2. 6.1  Delaminations  as  determined  from  radiographic 
analysis  or  visual  inspection  of  machined  edges 
are  cause  for  rejection  in  parts  with  a maximum 
t/r  of  0.07. 

3. 2. 6. 2 Delaminations  in  parts  with  a t/r  greater  than 
0.07  are  only  acceptable  as  defined  in  paragraphs 

3. 2.6. 2.1  through  3. 2. 6. 2. 3. 

3. 2. 6. 2.1  Maximum  Material  Separation  - The  max- 
imum material  separation  as  determined 
from  radiographic  films  with  low  magni- 
fication (TBD)  for  an  acceptable  delam- 
ination is  (TBD)  inches. 

3. 2. 6. 2. 2 Delamination  Pattern  - An  acceptable 
delamination  shall  be  parallel  to  the 
outside  contour  of  the  part  except  (TBD) . 
(see  Figure  1) 

3. 2. 6. 2. 3 Continuous  Delaminations  - Any  delamina- 
tion that  can  be  traced  for  more  than  (TBD) 
percent  of  the  length  (both  sides)  of  a 
part  on  the  radiographic  film  in  any  of 
the  four  views  required  shall  be  cause 

for  rejection. 

3.2.7  Deposition  Symmetry  - The  material  thickness  at  any  station 
along  the  length  of  an  "as-deposited"  part  shall  not  vary 
more  than  (TBD)  inches  from  the  minimum  material  thickness 
to  the  maximum  material  thickness. 
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3.2.8  Dimensions  and  Finish  - Unless  otherwise  specified  in  the 
contract  or  purchase  order,  dimensions  and  finish  shall  be 
as  specified  on  the  Design  Drawing. 

3.2.9  Workmanship  - The  pyrolytic  graphite  forms  procured  under 
this  specification  shall  be  uniform  in  quality  and  condition, 
free  from  surface  defects  such  as  porosity,  pits,  cracks, 
and  chips  and  internal  defects  such  as  voids,  cracks  and 
inclusions. 

3.3  Process  History 

3.3.1  The  vendor  shall  record  and  have  available  for  each  piece 
submitted  a complete  process  history. 

4 . 0 QUALITY  ASSURANCE  PROVISIONS 

4.1  Inspection  - The  vendor  shall  be  responsible  for  the  per formance 

of  all  inspection  requirements  as  specified  in  para.  4.3.  The  vendor 
shall  also  maintain  complete  inspection  records  of  all  examinations 
and  tests  as  specified  on  each  piece  submitted  for  acceptance. 

4.2  A lot  shall  consist  of  the  material  fabricated  in  one  furnace  run. 

4.3  Sampling  - Each  part  fabricated  shall  have  sufficient  length  to 
allow  for  the  removal  of  a test  ring  (TBD)  inch  long  from  each  end. 
One  portion  of  each  ring  shall  be  tested  by  the  vendor  to  the  re- 
quirements of  this  specification.  The  other  portion  >f  each  ring 
will  be  shipped  with  the  part  for  verification  testing  at  Atlantic 
Research.  The  tests  outlined  in  Paragraphs  4.4.1,  4.4.2,  4.4.3, 

4.4.6  and  4.4.8  shall  be  performed  on  the  test  ring. 

4.4  Acceptance  Test  - The  following  destructive  and  non-destructive 
tests  shall  be  performed  on  each  piece.  Failure  of  the  material 
to  conform  to  any  requirement  of  this  specification  shall  be  cause 
for  rejection. 

4.4.1  Visual  Examination  - Each  part  shall  be  visually  inspected 
for  defects  such  as  porosity,  pits,  cracks  and  chips.  Por- 
osity, pits,  cracks,  and  chips  are  cause  for  rejection. 
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4.4.2  Deposition  Symmetry-  The  deposition  symmetry  as  required 

in  Paragraph  3.2.7  of  the  specification  shall  be  determined 
from  radiographs  of  the  "as-deposited"  shape.  Two  radio- 
graphs  at  a 90*  Interval  shall  be  submitted  with  each  part 
for  verification  to  the  requirements  of  Paragraph  3.2.7. 

4.4.3  Specific  Gravity  - The  specific  gravity  shall  be  determined 
in  accordance  with  ASTM  D-792-60T  using  deionized  water  as 
the  immersion  fluid.  Each  piece  tested  for  specific  gravity 
shall  be  free  of  cracks  and  delaminations  as  determined  by 
visual  inspection  and/or  dye  penetrant  inspection. 

4.4.4  Flexural  Strength  - (TBD) 

4.4.5  Compression  Strength  - (TBD) 

4.4.6  Short  Beam  Shear  Strength  - (TBD) 

4.4.7  Structure  - Photomicrographs  shall  be  made  on  each  piece 

. of  material  submitted  for  acceptance.  Sample  location  shall 

be  from  the  trim  rings  unless  otherwise  specified  on  the 
engineering  drawing.  These  photomicrographs  shall  be  approx- 
imately SOX  under  polarized  light. 

4.4.8  X-Rav  Characterization 

4.4.8. 1 d-Spacing  Measurement  (Rotation  of  29  Angle)-  Values 
of  d-spacing  shall  be  obtained  using  a Phillip's 
Model  120  X-ray  diffractometer  equipped  with  a scin- 
tillation detector.  Since  sample  alignment  for  this 
type  of  measurement  is  critical,  each  sample  will 
be  removed  from  the  sample  holder  and  the  analysis 
repeated  a minimum  of  three  times.  Samples  will  be 
examined  at  the  29  angle  of  the  002  carbon  planes 
by  rotating  the  X-ray  goniometer  through  the  angle 
25.88  to  26.60°  29.  The  002  peak  maximum  will  be 
used  as  the  average  angular  value.  The  results  of 
this  measurement  will  be  applied  to  the  basic  Bragg 
equation,  nX  = 2d  sin  9,  to  obtain  d-spacing  values 
where  n is  unity,  X is  the  wavelength  of  radiation 
being  used  (CuK2  = 1.540A)  and  9 is  the  Bragg  angle 
for  the  002  reflexion.  Results  shall  be  reported 
in  angstroms  (A) . 
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4.4.9 


4.4.10 


4. 4. 8. 2 Crystallite  Sire  - Apparent  crystallite  size  shall 

0 89X 

be  calculated  by  using  the  equation  L£  = 9 

where  X is  the  wavelength  of  the  radiation  being 
used,  CuKar  =>  1.540A,  0 is  half-height  (002)  line 
width  and  9 is  the  Bragg  angle  for  the  002  Reflexion. 
0 shall  be  determined  by  measuring  the  width  of  the 
carbon  peak  at  one-half  its  peak  height  and  correct- 
ing for  instrumental  line  broadening  by  substitution 
into  the  equation 


6 - V (9o »)•  (p2) 

The  factor,  F,  is  the  instrumental  line  broadening 

factor  and  Bqbs  is  the  measured  peak  width.  Results 

shall  be  reported  in  angstroms  (A). 

4. 4. 8. 3 Preferred  Orientation  Measurements  (Rotation  of  * 
Angle)  - Samples  shall  be  prepared  for  preferred 

orientation  measurements  by  honing  rods  (across  the 
a-b  planes) , 50  mils  or  less  in  diameter  by  one  inch 
long  out  of  the  material  to  be  examined.  The  sample 
will  then  be  rotated  in  the  X-ray  beam  through  the  4 
direction  at  1/3  rpm  while  the  29  angle  is  held  con- 
stant at  the  002  carbon  plane  maximum.  The  data 
resulting  from  this  measurement  shall  be  a set  of 
peaks  generated  each  time  the  002  plane  passes  through 
the  correct  orientation  with  the  X-ray  beam.  Pre- 
ferred orientation  data  will  be  reported  as  degrees  4 
at  one-half  peak  height  at  the  002  plane  maximum. 
Radiographic  Inspection  - All  parts  shall  be  radiographically 
inspected.  Four  radiographs  shall  be  taken  at  45°  intervals 
perpendicular  to  the  longitudinal  axis  of  the  part.  Any 
internal  cracks,  inclusions  of  voids  are  cause  for  rejection 
of  part.  Delaminations  are  acceptable  only  as  defined  in 
Paragraph  3.2.6  of  this  specification. 

Process  History  - The  vendor  shall  record  and  have  available 
for  each  piece  offered  for  acceptance  the  following  process 
information. 
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4.4.10.1  Deposition  temperature,  pressure,  flow  rate  and 
gas  composition  taken  at  least  every  15  minutes. 

4.4.10.2  Any  interruptions  in  the  deposition  cycle. 

4.4.11  Packaging  and  Marking 

4.4.11.1  Each  part  and  its  associated  trim  rings  shall  be 
marked  in  accordance  with  the  applicable  engineer- 
ing drawing.  Each  part  shall  be  indexed  at  0°  and 
90°  by  a solvent  solution  ink.  Inspection  reports 
shall  reference  these  indices  for  location  of  defects. 

4.4.11.2  Each  part  and  its  associated  trim  rings  shall  be 
packaged  in  conformance  to  Section  5.0. 

5-0  PREPARATION  FOR  DELIVERY 

5.1  Packaging  and  Packing 

• 5.1.1  Level  C - Unless  otherwise  specified  by  the  procuring 

activity,  the  packaging  and  packing  shall  be  in  accordance 
with  the  best  accepted  commercial  practice, 
t 5.2  Marking  - Marking  shall  be  in  accordance  with  MIL-STD-129,  and 

shall  include,  but  not  be  limited  to  the  following: 

a.  Title,  number,  and  revision  letter  of  this  specification. 

b.  Manufacturer's  grade  and  designation. 

c.  Manufacturer's  name. 

d.  Lot  number 

e.  Part  serial  number. 

6.0  NOTES 

6.1  Intended  Use  - The  material  covered  by  this  specification  is  intended 
for  use  in  rocket  motor  applications. 

6.2  Ordering  Data  - Procurement  documents  shall  specify  but  not  be 
limited  to  the  following  information: 

t a.  Title,  number,  and  date  of  this  specification. 

b.  Type,  grade,  and  class  required,  if  applicable. 

c.  Lot  size  (see  4.3). 

d.  Sampling  requirements,  if  not  specified  (see  4.4). 

e.  Size  of  container. 
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f.  Place  of  delivery 

g.  Responsibility  for  Inspection  (see  4.1). 

h.  Disposition  of  test  data. 

6.3  Definitions  - To  Insure  uniformity  of  Interpretations  the  follow- 
ing Items  are  defined. 

6.3.1  Nodules  - A single  grain  growth  significantly  larger  In 
size  than  the  surrounding  matrix,  appearing  as  a blister 
on  the  deposited  surface. 

6.3.2  De laminations  - A material  separation  parallel  to  the  plane 
of  deposition  that  is  discernible  at  low  magnification  from 
radiographic  film. 

6.3.3  t/r  Ratio  - The  t/r  ratio  Is  the  ratio  of  material  thick- 
ness at  a point  to  the  radius  of  curvature  at  ti.at  point'. 

6.3.4  Cracks  - Any  material  separationother  than  a delaminatlon. 

6.3.5  Clusters  - Two  or  more  nodules  in  contact. 

6.3.6  "As -Deposited"  - The  "as-deposited"  condition  refers  to  the 
condition  of  the  part  after  it  has  been  removed  from  the 
furnace  and  the  mandrel  has  been  removed  from  the  part  but 
prior  to  any  internal  machining. 

6.3.7  Station  - Station  as  used  in  this  specification  refers  to 
any  axial  location  in  inches  measured  from  (TBD) . 

6.3.8  "a"  Direction  - The  direction  parallel  to  the  plane  of 
deposition.  Also  known  as  the  a-b  direction. 

6.3.9  "c"  Direction  - The  direction  perpendicular  to  the  plane 
of  deposition. 

6.3.10  Document  Precedence  - In  case  of  discrepancy  between  Engineer- 
ing Drawing  and  this  specification,  £he  requirements  of  the 
drawing  shall  prevail. 
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